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ABSTRACT 
This dissertation examines the various factors and processes that have been 
proposed as explanations for the spread of agriculture in the west Mediterranean. The 
expansion of the Neolithic in the west Mediterranean (the Impresso-Cardial Neolithic) is 
characterized by a rapid spread of agricultural subsistence and material culture from the 
southern portion of the Italian peninsula to the western coast of the Iberian peninsula. To 
address this unique case, four conceptual models of Neolithic spread have been proposed: 
the Wave of Advance, the Capillary Spread Model, the Maritime Pioneer Colonization 
Model and the Dual Model. An agent-based model, the Cardial Spread Model, was built 
to simulate each conceptual spread model in a spatially explicit environment for 
comparison with evidence from the archaeological record. Chronological information 
detailing the arrival of the Neolithic was used to create a map of the initial arrival of the 
Neolithic (a chronosurface) throughout the study area. The results of each conceptual 
spread model were then compared to the chronosurface in order to evaluate the relative 
performance of each conceptual model of spread. These experiments suggest that both 
the Dual and Maritime Pioneer Colonization models best fit the available chronological 
and spatial distribution of the Impresso-Cardial Neolithic. 
For the purpose of informing agent movement and improving the fit of the 
conceptual spread models, a variety of paleoenvironmental maps were tested within the 
Cardial Spread Model. The outcome of these experiments suggests that topographic slope 
was an important factor in settlement location and that rivers were important vectors of 
transportation for early Neolithic migration. This research demonstrates the application of 
techniques rare to archaeological analysis, agent-based modeling and the inclusion of 
 ii 
paleoenvironmental information, and provides a valuable tool that future researchers can 
utilize to further evaluate and fabricate new models of Neolithic expansion. 
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Chapter 1: Introduction 
 
 Archaeologists have long considered the spread of agriculture to be one of the 
most significant and complex events in human prehistory. The spread of agriculture in the 
west Mediterranean is not as well researched as in other regions in Europe and has much 
to contribute to our understanding of prehistoric migration, forager and farmer interaction, 
and the subsistence change. The goal of this dissertation research is to further develop an 
understanding of how, when and where the Neolithic spread in the western 
Mediterranean. Only by answering these questions can we begin to address some of the 
broader hypotheses concerning the reasons agriculture disseminated across the west 
Mediterranean, Europe and the globe. 
 Agropastoral subsistence first took root in the Levant 12,000 years ago, an area 
that now includes the modern countries of Jordan, Israel and Syria (Zeder, 2011). Wheat 
and barley domestication was followed closely by the domestication of sheep and goats, 
and with these changes the first agropastoralists continued a trend of increasing sedentism 
which began during the previous period, the Natufian (Belfer-Cohen, 1991; Henry,  
1989). This new subsistence suite was adapted or spread from the Levant through Turkey 
and into Europe. Along the way, these new agriculturally based groups split along 
different routes, colonizing central Europe and western Europe separately. These rapid 
subsistence and lifestyle changes had lasting effects upon the region and the whole of 
western Europe. The western Mediterranean Neolithic is referred to as the Impressed and 
Cardial Neolithic (Impresso-Cardial hereafter) due to the ceramic styles associated with 
Neolithic groups in these areas (Bernabeu Aubán and Marti Oliver, 2014; Guilaine and 
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Manen, 2007a; Manen, 2012). These ceramics and agropastoral subsistence technologies 
spread from southern Italy to southern France, into Iberia and (by way of an unclear route) 
into North Africa. The current radiocarbon record suggests that the spread from Italy was 
a rapid one (Manen and Sabatier, 2003; Zilhão, 2001). Due to the limited amount of 
archaeological research conducted along the Mediterranean coast of north Africa it is 
uncertain if agriculture originated from Iberia, Italy, or a combination of both.  
 Four conceptual models have been commonly advanced to explain the spread of 
agriculture through Europe’s western Mediterranean region, and this research evaluates 
each of them  -- The Wave of Advance model, The Capillary Model, The Maritime 
Pioneer Colonization model and the Dual model (Ammerman and Cavalli-Sforza, 1984; 
Bernabeu Aubán, 1997; Vicent Garcia, 1997; Zilhão, 2001). A limited number of notable 
attempts have been made to evaluate these largely narrative models using archaeological 
data. Yet, these models are meant to describe processes that extend beyond the 
archaeological record for one site, one region or even one country. In addition, the 
number of well-excavated Impresso-Cardial sites with modern or at least comparable 
excavation techniques is relatively small. In that sense, it is difficult for one study of 
stone tool reduction or ceramic decoration to encompass the entire study area in a 
meaningful way. This project uses the radiocarbon record and agent-based modeling to 
explore and evaluate these hypotheses. 
Archaeologists have long proposed conceptual models for prehistoric behavior. 
This research uses computational models to explore the realization of and sub-processes 
of these models. The potential of this technique has been recognized by anthropologists 
for over a decade, but the applications of agent-based modeling to archaeology are still 
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relatively few. I will describe the construction of an agent-based model whose purpose is 
to test the four conceptual models of spread. The timing and location of the arrival of 
farmer agents in the computer model is compared to an archaeologically-derived 
chronological map with the aim of evaluating the fit of each model. I describe and 
contrast the important aspects of each conceptual model and identify some of their 
shortcomings.  
 Although the conceptual models of the Impresso-Cardial Neolithic spread go far 
in describing the mechanisms that drive the spread of agriculturalists, they say little about 
its directionality. In other words, population pressure might drive some of the population 
from a Neolithic village to found a new settlement, but it does little to predict where the 
new village should be located. To that end, I include a variety of paleoclimatic landscape 
factors in the agent-based model to inform Neolithic movement. Maps of paleoclimatic 
features such as precipitation, temperature, or slope are used as factors for villagers when 
identifying new village locations. I argue that these maps are a crucial component of 
modeling Neolithic spread and that they result in more accurate models of Neolithic 
movement. 
 
Organization of the Dissertation 
 The dissertation is centered around describing the archaeological background, 
theory, and issues, as well as describing new computational techniques I leverage to 
address the spread of the Impreso-Cardial Neolithic across the west Mediterranean. In 
Chapter 2, I review the archaeological record of the Mesolithic for all of the regions in 
the study area, Italy, France, Iberia and North Africa. Chapter 2 then examines the 
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Neolithic archaeological record of these regions with emphasis upon what is known about 
the chronology, subsistence and settlement dynamics for each region. In Chapter 3, I 
describe the geography of the west Mediterranean study area and describe the creation of 
maps of paleoenvironmental conditions at the beginning of the Neolithic. Chapter 4 
describes four conceptual models of Neolithic spread that have been applied to the west 
Mediterranean. Also in this chapter, I describe the CAS approach and the ways in which 
agent-based modeling has been used to investigate archaeological questions. In Chapter 5, 
I describe the implementation of an agent-based model (the Cardial Spread Model or 
CSM) of Neolithic spread, which is designed to test the four commonly advanced 
methods of spread for the west Mediterranean. Also in this chapter, I describe the 
creation of a radiocarbon database to track the spread of agriculture, and I recount the 
creation of a chronological map (chronosurface) to compare against the results from the 
agent-based model. The outcomes of the experiments conducted with the CSM are 
described and interpreted in Chapter 6. In this chapter I compare the outcomes of each 
spread model, examine the effect of eight paleoenvironmental factors upon those 
outcomes and identify the role of parameters in each of the models. In Chapter 7, I 
explain the outcomes of the CSM model and summarize the experiments as they relate to 
broader questions about the Impresso-Cardial Neolithic. Finally, in Chapter 8, I discuss 
the implications for the spread of the Impresso-Cardial Neolithic and future avenues of 
research for the CSM and the spread of agriculture in the west Mediterranean. 
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Chapter 2: The Mesolithic-Neolithic Tradition and Transition 
in the Western Mediterranean 
 
 Although the west Mediterranean is now home to over a dozen countries, with 
differing languages and cultural traditions, during the transition to agriculture it may have 
been home to a culture almost homogenous by comparison. At the onset of the sixth 
millennium BC, a novel suite of food management strategies focused on domestic plants 
and animals spread rapidly across Mediterranean Europe and North Africa. The new 
agricultural economy spread in conjunction with Impressed - Cardial ware ceramics, 
stylistically consecutive ceramic types often decorated with impressions from Cardium 
shells. Interestingly, the results of the current radiocarbon chronology suggest that this 
transition in the west Mediterranean may have occurred in less than 500 years across a 
distance of 2,000 km. The swift proliferation of new types of material culture and new 
modes of subsistence across such a vast area has led to many long running debates over 
whether this transformation resulted from a migration of farmers or the diffusion of 
agricultural products and knowledge to resident hunter-gatherer communities 
(Ammerman and Cavalli-Sforza, 1971; Bernabeu Aubán, 1997; Guilaine, 2003; Vicent 
Garcia, 1997; Zilhão, 1993, 2011). Before one can understand these models and the 
processes that might have occurred with the forager-farmer transition, it is imperative that 
one have a picture of the region before and after the arrival of agropastoral subsistence. 
As farmers moved into new areas, they did not find a pristine, uninhabited landscape. 
Instead, hunter-gatherers already occupied most areas and had been affecting the local 
environment for tens of thousands of years. 
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This chapter begins by reviewing the current state of archaeological knowledge 
for the Western Mediterranean before and after the Neolithic transition. The study of the 
transition from a landscape dominated by hunter-gatherers to one of farmers must first 
review the adaptations of the indigenous Mesolithic groups. Following this, I describe the 
initial occurrence of agricultural ways of life. In general, chronological evidence suggests 
that after arriving in Italy, agropastoral behavior spread west to southern France or North 
Africa and spread from there to the Iberian Peninsula arriving first on the eastern or 
southeastern coast (J. Bernabeu Aubán et al., 2015; Spataro, 2002; Zilhão, 2011). In light 
of this, the Mesolithic and Neolithic in each of those locations will be detailed following 
the hypothetical route of the spread of agriculture.  
 
The Mesolithic 
 In an effort to understand the Neolithic transition in the western Mediterranean 
one must first outline the preceding period, the Mesolithic. In contrast to the Neolithic, 
the Mesolithic is still poorly understood despite a reasonable amount of research and 
interest. In Europe, the term Mesolithic refers to hunter-gatherer groups present at the 
onset of the Holocene (9,500 cal BC). The Holocene in the western Mediterranean is a 
period of warming which led to reforestation, sea level rise and for Mesolithic hunter-
gatherers – change (Carrion et al., 1999; García Puchol et al., 2009; Roberts, 1998). 
Generally, Mesolithic groups are believed to have practiced a broad spectrum subsistence 
strategy, often focusing on the hunting of ungulates. When possible, maritime resources 
were probably a significant portion of Mesolithic diets, and limited evidence of plant 
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exploitation is present. Stone tool traditions trend towards a reduction in tool size and a 
preponderance of geometric microliths, possibly connected to more specialized tasks or 
complex tools. Since much of the research into the Mesolithic period is focused upon the 
Mesolithic as an antecedent period to the Neolithic, some researchers have delineated the 
Final Mesolithic as separate period (the exact time duration varies upon the location). 
While an important component of understanding the Mesolithic – Neolithic transition, 
this often has the effect of attenuating an already problematic archeological record.  Thus, 
in order to illustrate the Final Mesolithic in some regions, some generalizations about the 
Mesolithic, early – late, must be included.  
 
The Mesolithic of Italy 
 Undoubtedly, the topographical character of Italy has had a major impact upon its 
cultural history. The terrain of Italy varies from coastal plains to volcanoes and to the 
Alpine mountain range and possesses an extensive coastline that is dissected by many 
natural barriers like the Apennines and Alps (see Figure 2.1). The variable landscape 
likely had a high “paleoeconomic potential” since the mountainous regions are “rich in 
springs, lakes, saddles, uplands, panoramic viewpoints, valleys, rock-shelters and karst 
zones” (Franco, 2011:255).  As in much of Europe, the Mesolithic and the transition to 
the Neolithic in Italy, was first defined from the excavation of long cave sequences.  
While efforts have traditionally focused on research in caves, Mesolithic remains have 
also been found at open air sites – often described as hunting camps. The site of Arene 
Candide in Liguria and later the cave site of Uzzo in Sicily helped define the initial 
chronological sequence of Italian prehistory (see Figure 2.1). The site of Arene Candide 
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contains occupational sequences ranging from the upper Paleolithic to the Neolithic. 
However there is no evidence of a Mesolithic occupation at the site, only final 
Epigravetttian (the period before the Mesolithic) and Neolithic occupations (Biagi, 1993, 
2003).  At the other end of the Italian peninsula, the site of Uzzo is thought to contain 
both Mesolithic and Neolithic occupations. The Mesolithic inhabitants of Uzzo cave 
subsisted upon deer, pig, fox and birds in the early Mesolithic and transitioned to a 
reliance upon aurochs, large sea mammals and a heavy focus upon marine resources 
(Malone, 2003). It is unclear if the large sea mammals were killed from boats or were 
butchered after they had washed onto the shore. As the Mesolithic occupation of the cave 
progresses, Patella and Monodonta mollusks became the focus of substantial exploitation, 
and the importance of all other marine resources increases at the end of the Mesolithic 
(Mannino et al., 2007). During the Neolithic occupations of the site, inhabitants increased 
their reliance upon fish and domestic taxa at the expense of wild mammals (Malone, 
2003). Unseen in the area previously, sheep and goats quickly become the focus of 
animal exploitation during the Neolithic. The lack of a preceding Mesolithic occupation 
at Arene Candide and the sharp contrasts at Uzzo were initially seen as evidence of new 
people associated with the arrival of agriculture.  
 As first described by Barker, Mesolithic occupation on the Italian peninsula 
probably involved seasonal movement between multiple sites. A central site was 
probably located near the coast or a lake in an area of low relief and occupied during the 
fall and winter, while a second, likely summer occupation was located in the uplands 
(1985). This pattern is evidenced from numerous sites, like Larghetto del Crestoso, 
Grotta Continenza, and Riparo Tagliente (Barker, 1985; Malone, 2003; Mussi, 2001). 
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From Apuila to the Alps, and in virtually all areas of contrasting relief, researchers have 
found evidence of movement between upland and lowlands, presumably to utilize 
seasonally available resources as well as lakeside and coastal encampments for the 
exploitation of marine resources (Malone, 2003). Coastal and aquatic environments 
would also have been rich with bird life, and the remains of a variety of aquatic birds 
have been found in abundance at Grotta Romanelli (Mussi, 2001). Researchers have 
noted that Mesolithic occupation of Italy was more intense in the north due to the larger 
number of known sites when compared to the south (although the site of Arene Candide 
has yielded no evidence from this period). If correct, this implies that the areas first 
settled by Neolithic groups may have been empty of Mesolithic groups. Conversely, 
Mesolithic groups may be difficult to detect in the archaeological record because of the 
arrival of early Neolithic groups to an area (Biagi, 2003).  
The Mesolithic inhabitants of Italy seem to have utilized similar subsistence 
strategies across most of the peninsula. Although plant resources were clearly an 
important part of Mesolithic diets, little evidence survives in the archaeological record of 
the procurement or processing. With a concurrent lack of storage evidenced from 
Mesolithic sites, Skeates argues that plant resources were exploited only as needed 
(1999). Similar to the site of Uzzo, ungulates predominate most assemblages at most 
Mesolithic sites, seconded only to marine resources (Franco, 2011).  The basic food 
procurement framework of the final Mesolithic was a generalized strategy focused on 
immediate returns, mainly relying on the hunting of deer and when possible, the 
exploitation of marine resources.   
 It is during the Mesolithic period that the first undisputed occupations occur on 
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the island of Sardinia, the earliest evidence being from the cave site of Corbeddu (Tykot, 
1999). At Corbeddu human remains were found associated with Prolagus sardus (also 
called the Sardinian Pika) which was once found on most Mediterranean Islands and has 
since gone extinct. Likewise, Corsica is also occupied during the Mesolithic and 
numerous caves and rockshelters have been excavated from this period. In addition to the 
hunting of Prolagus sardus, faunal remains include fish, shellfish, and various other 
mammals and birds (Tykot, 1999). Interestingly, no evidence points to the continued 
interaction between the islands and the main land. Obsidian trade from Sardinia does not 
begin until after the Mesolithic, and human remains from Corbeddu exhibited 
abnormalities which have been attributed to the isolation of the Corsican and Sardinian 
populations (Tykot, 1999). 
 Limited evidence touching on the degree of connectedness during the Mesolithic 
in Italy is available. Social connections between Mesolithic groups were certainly present 
and likely involved the movement of people between groups through a system of marital 
alliance and possibly exchange through gift giving (Whallon, 2006). From the site of 
Grotta Continenza there is evidence of long distance exchange in the form of perforated 
shells of Columbella rustica (transported at least 80km) as well as from the Alpine region 
(Skeates, 1999). Marine shells are an important item even in the Upper Paleolithic; the 
most common species include those in the Dentalium family and Cyclope neritea (Mussi, 
2001). More recently, Franco (2011) cites evidence that raw materials and shells may 
have moved hundreds of kilometers to reach Italian Mesolithic sites. Given such 
distances, it seems unlikely that these resources were directly traded from one group to 
another and instead likely were traded multiple times before their deposition. This trade 
 11 
pattern, known as down the line trade, could be indicated by decreasing shell abundance 
from its source but currently the evidence is too limited to identify any such pattern. 
Skeates (1999) notes that although the evidence is limited, there are few clear attempts 
through artifacts or grave goods to differentiate people or groups from one another. 
Although a few scattered examples of obsidian are found in Mesolithic contexts, obsidian 
trade from Sardinia is absent (Tykot, 1999). Most raw material from Italian Mesolithic 
sites is from locally available sources (Biagi, 1993). This stands in contrast to the later 
Neolithic period during which obsidian is traded throughout Italy and coastal France. 
Keeping in mind the limited evidence, the far reaching movement of trade goods on the 
peninsula, and apparent intra-group equality, the Mesolithic social domain seems to be 
characterized by a high degree of social and territorial fluidity.  
 
The Mesolithic in Mediterranean France 
 For the purpose of this dissertation, Mediterranean France is defined as the 
southern coast along the Mediterranean extending approximately 200 km inward from the 
coast. This coastal strip, roughly 550 km long, is small when compared to the other areas 
described here. It borders the Gulf of Lion and is similar topographically to the Italian 
Ligurian coast. A narrow coastal plain borders the sea and separates steep upland areas, 
which are dissected by rivers – the largest and most important being the Rhone. The 
region is bookended by two large mountain ranges, the Alps and the Pyrenees (see Figure 
2.2). Currently, evidence for the Mesolithic is scarce from this region.  
The Mesolithic groups along the Mediterranean coast of France strongly resemble 
those found in Italy and the Iberian Peninsula. The most characteristic lithic artifacts of 
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these groups include geometric microliths (triangles and trapezoids), microburins and 
blades (Guilaine and Manen, 2007b). The Mesolithic in France is assigned typologically 
to the Castelnovien complex or the Sauveterrian on the basis of the presence or absence 
of these artifacts. For the purposes of this synthesis I consider the evidence from both 
assemblage types in combination (Binder, 2000; Binder et al., 2008). 
French Mesolithic sites represent to a wide range of plant and animal exploitation, 
likely used seasonally to exploit contrasting resource availability. Deer, boar and 
ovicaprids are the most commonly hunted prey. Faunal remains from Grotte Gazel and 
Dourgne was used to argue that domestic ovicaprids had been raised by Mesolithic 
groups, and some theorized that these animals may have been acquired from Neolithic 
groups practicing agropastoral subsistence strategies (D. Geddes, 1985). This evidence 
was widely used to argue for the importance of autochthonous adoption in the spread of 
agriculture.  The consensus has shifted, however and most researchers now agree that 
these animals were wild specimen (Barnett, 2000).  
In contrast to the Italian Mesolithic record, a fair number of plant remains have 
been recovered from French Mesolithic sites. For instance, at Fontbregoua evidence of 
lentils, vetch, peas and chickpeas has been recovered (Guilaine and Manen, 2007b). 
Further indications of Mesolithic plant use includes grape pips from Montclus, filberts 
from Dourgne, blackberries, sloe, and pistachio from La Margineda (Barker, 1985; 
Guilaine and Manen, 2007b). Much like the Italian Mesolithic, there is an emphasis upon 
maritime resources (of course this emphasis depends on the site location). For instance, at 
Mourre-duSeve large amounts of fish and turtles have been recovered (Binder, 2000). 
Likewise, at Chateauneuf and Montclus freshwater fishing and crustacean collection are 
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also evidenced.  Settlements centered upon hunting activities are found in the Vercors 
and Chartreuse at high elevations. Therefore, it should come as no surprise that 
researchers believe that Mesolithic foragers in France practiced a seasonal rotation 
between lowland coastal areas for maritime resources and upland hunting sites just as 
was practiced in Italy.   
 
The Iberian Mesolithic 
 In contrast to the Mesolithic record from France, the Mesolithic record of the 
Iberian peninsula is better understood – at least in some locations. Traditionally, research 
within the Iberian peninsula compares five regions which have differing ecological and 
topographical distinctions –  the eastern coast, southern coast, western coast, northern 
coast and the Meseta.  The eastern coastal area is located along the Balearic Sea and is 
characterized by wide river valleys that empty into the ocean. The southern coast is dryer 
and physically close to the northern tip of Africa. The west coast is largely encompassed 
within Portugal, borders the Atlantic ocean and includes several coastal estuaries, most 
notably formed by the Tagus river. The northern coast is dominated by the Cantabrian 
mountains, and the Meseta is a plateau which makes up most of the interior of the Iberian 
peninsula (see Figure 2.3).  
 
The Mesolithic of Eastern Iberia 
On the eastern coast of the Iberian Peninsula the Mesolithic is subdivided into two 
periods by lithic technological styles. The early Mesolithic is characterized by an earlier 
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emphasis on denticulates and flakes and in later periods by an emphasis on geometric 
forms, including trapezes and triangles (Fernández López de Pablo and Jochim, 2010; 
García Puchol et al., 2009). Multiple researchers have noted that spatial variations in 
geometric distributions exist, but it is unclear if these variations represent tool choice 
based upon different subsistence strategies or if these differences could reflect different 
ethnic groups or territorial boundaries (García Puchol et al., 2009).  As in other regions of 
the west Mediterranean, Mesolithic hunter gatherers relied upon deer and goats, as well 
as rabbit, birds, fish and mollusks. Previous research has noted that late Mesolithic sites 
seem to be strongly associated with coastal and inland lagoons – which likely reflects the 
importance of aquatic resources to Mesolithic diets (Fernández López de Pablo and 
Jochim, 2010). Populations of deer may have been decreasing due to environmental 
factors, further pushing Mesolithic groups towards aquatic resources (Fernández López 
de Pablo and Jochim, 2010). Unlike other areas in the west Mediterranean, researchers 
have discovered Mesolithic cemeteries throughout the Iberian peninsula. The most 
significant of these sites is the Mesolithic cemetery at the site of Collado (see Figure 
2.3)(Gibaja et al., 2015). The existence of this cemetery, dating to the late Mesolithic, has 
been used to argue that Mesolithic groups were becoming increasingly sedentary, that 
they were intensifying their subsistence strategies, and that they were laying claim to 
group ownership of an area (Bernabeu Aubán et al., 2014). Despite being associated with 
a large shell midden, a stable isotope study from some of the individuals at Collado 
indicated a diet consisting equally of both marine and terrestrial resources. Moreover, 
dental analysis suggests that teeth were regularly used in the preparation or processing of 
plant resources (Gibaja et al., 2015). In light of these indicators, it seems likely that 
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despite being associated with aquatic environments, Mesolithic groups along the eastern 
coast of Iberia were probably broad spectrum in their subsistence strategies and may have 
been even more sedentary than Mesolithic groups in Italy and France.  
 
The Mesolithic of Southern and Western Iberia 
 Along the south and west coasts of the peninsula, excavations have recently 
begun to better define the Mesolithic; however, there are still few Mesolithic sites. The 
coast along the southern edge of the Iberian peninsula, including the southern coast of 
Portugal, is an area of abundant aquatic resources which result from the Fuengirola 
upwelling system (Cortés Sánchez et al., 2012). Consequently, it is not unexpected that 
subsistence data from the area indicates the importance of marine resources. For instance, 
mussels were an important resource at the site of Nerja (see Figure 2.3), and several types 
of fish are also present including gadids (e.g. cods) and sparids (Cortés Sánchez et al., 
2012).  Moving west to the Atlantic coast, the Mesolithic has been especially well 
researched and includes several shell middens and sites located primarily in estuaries 
including the Algarve, Tagus, Sado and Mira (see Figure 2.3). Rising sea levels 
associated with the onset of the Holocene created estuaries which would have contained 
an abundance of aquatic resources; for this reason Mesolithic settlements are found 
almost exclusively in these areas (Straus, 2008). During the final Mesolithic, researchers 
have pointed to the presences of cemeteries and a high degree of reliance upon shells as 
an indication of increasing sedentism (Fernández López de Pablo and Gomez Puche, 
2009). For instance, the Muge shell middens in the Tagus estuary were formed mostly 
from bivalve mollusks and are associated with a cemetery (see Figure 2.3). The Muge 
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cemetery has been used to argue for long term group ownership of the surrounding area, 
and research on the remains of individuals from the area has demonstrated that aquatic 
resources contributed to at least 50% of their diet (Zilhão, 2004a). The remaining portion 
of the Muge inhabitants' diet was supplemented by waterfowl, deer, boar and other small 
mammals; other foods such as pine nuts or acorns may have been present as well (Straus, 
2008). The broad and plentiful suite of available resources would likely have been 
enough to support year round settlement – yet some seasonal species indicators point to a 
summer occupation. Unlike most areas in the west Mediterranean, Mesolithic groups did 
not disappear with or before the arrival of agriculture. Neolithic groups settled and lived 
in proximity to Mesolithic groups for at least several hundred years (Dean and Carvalho, 
2011). During this period of coexistence, Mesolithic and Neolithic groups occupied 
different areas, which may result from differential land-use strategies or territorial 
boundaries. Notwithstanding the contrasting subsistence strategies of the indigenous 
foragers and agricultural groups, both groups are associated with shell middens and 
presumably a substantial portion of their diet was based on aquatic resources.  
 
The Mesolithic of Northern Iberia 
 The northern coast of the Iberian Peninsula is bordered by the Cantabrian 
mountains which leaves a narrow coastal strip intersected by small, steep valleys. As in 
the south and west, shell middens are present and suggest the importance of aquatic 
resources (Straus, 2008). Terrestrial mammals are also found in abundance, especially red 
deer, and also including ibex, wild boar, roe deer, chamois and aurochs (Zilhão, 2004a). 
As in the Italian Mesolithic, sites are located at different elevations and may indicate 
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seasonal movement to resources only available in the uplands; however, the picture is far 
from clear (Zilhão, 2004a). The most distinguishing feature of the Mesolithic groups in 
this area is that they were likely the last Mesolithic groups on the Iberian peninsula; 
pottery is evidenced from 4900 cal BC, but no domestic species are present until 4200 cal 
BC (Straus, 2008; Zilhão, 2004a).  It is clear, for instance, from the site of Herrika Barra 
where 92 percent of the remains were identified as red deer, that hunting was of crucial 
importance. It is likely that gathering and aquatic resources continued to provide an 
abundant source of non-domestic subsistence (Straus, 2008; Zilhão, 2004a). Although the 
late arrival of the Neolithic to the northern Iberian coast is likely a consequence of 
geography, the strikingly slow adoption may in part be due to the continued success of 
the autochthonous adaptations to a seemingly diverse and plentiful subsistence base. 
 
The Mesolithic of Central Iberia 
 The interior of the Iberian Peninsula remains an enigma for archaeologists. A 
debate continues about the presence or absence of Mesolithic groups in the interior of the 
peninsula known as the Meseta. Epipaleolithic and Mesolithic sites can be found in the 
interior, but none date to the final or late Mesolithic period. The lack of sites in a given 
region is often the result of a lack of research. Yet researchers have surveyed in the 
Meseta and found early Neolithic sites and Epipaleolithic sites, but they have not found 
final Mesolithic sites (Bernabeu Aubán et al., 2014; Fernández López de Pablo and 
Gomez Puche, 2009; Zilhão, 2003). The lack of final Mesolithic sites in the Meseta has 
been used to argue that the overall Mesolithic population of the Iberian peninsula 
declined towards the mid-Holocene and may even have contributed to the speed with 
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which agricultural groups spread. A simple explanation may be connected to the 
importance of aquatic resources to the Mesolithic diet. The interior of the Iberian 
peninsula has few major lakes and several of the larger lakes can dry out on a seasonal 
basis (Zilhão, 2004a). While a complete lack of human occupation for the interior of the 
Iberian peninsula may seem implausible, Zilhao (2004) notes that when westerners 
arrived in Tasmania, the interior of the island had been uninhabited since the start of the 
Holocene, over 5,000 years earlier. However, an explanation that cites the lack of aquatic 
resources alone is not sufficient. Since Mesolithic groups occupied the Meseta, it must 
have been possible to subsist in these areas even if there were few aquatic resources. If 
the absence of sites in the interior actually reflects an absence of Mesolithic groups, the 
most often cited culprit is the 8200 cal BP climatic event (6250 cal BC, see Chapter 3).  
 Recent research by Balsera et. al (n.d.) and Bernabeu Aubán et. al (2015) of the 
available Mesolithic radiocarbon for the Iberian peninsula has been used to call into 
question the depopulation associated with the Mesolithic. These authors build upon work 
by Shennan et. al (2013) which used summed probabilities of radiocarbon dates to 
identify large scale demographic trends. Bernabeu Aubán and colleagues focused upon 
the Mesolithic and Neolithic of the Iberian peninsula and determine that before a rise in 
population during the initial Neolithic, populations were already increasing during the 
Mesolithic. While there is regional variation, it seems that Mesolithic population may 
have increased during or just after the 8200 cal BP climatic event (See Chapter 3). This 
calls into question the notion of a devastated Mesolithic population at the onset of the 
Neolithic.  
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The Mesolithic of North Africa 
 Across a narrow stretch of sea and technologically associated with the Southern 
Iberian indigenous groups were the Mesolithic groups in the Maghreb. The Maghreb is a 
region of North Africa that encompasses modern day Morocco, Algeria, and Tunisia; it is 
bordered by the Mediterranean, the Atlantic and the Saharan Desert. The region has a 
similar Mediterranean climate to Southern Spain and Italy, and it is characterized by 
coastal mountain ranges (see Figure 2.4). Comparatively little is known about the 
foraging groups in these areas although the arrival of agropastoral subsistence strategies 
is preceded by Epipaleolithic groups (Cortés Sánchez et al., 2012). The similarity of the 
blade industries found at most pre-agricultural sites to Epipaleolithic tool kits from the 
Iberian peninsula and low percentages of microliths (although sites such as Columnata do 
have high percentages of microliths) led to the cultural assignation of Epipaleolithic 
(9500-5800 cal BC, Linstädter, 2008). Due to their use of blade based lithic technologies, 
it has been suggested that the groups largely practiced hunting; however, due to soil 
conditions bones are rarely preserved (Linstädter et al., 2012).  Adding to the complexity 
of archaeological cultures in the Maghreb are sites recorded as Epipaleolithic with pottery. 
As will be discussed in depth below, Cardial Neolithic groups are often identified by the 
presence of pottery and domestic plants and animals. Consequently, many of the sites in 
the eastern Maghreb were first identified as Neolithic; however, subsequent research has 
indicated that these groups were hunter-gatherers from 5800 – 4900 cal BC (Linstädter, 
2008).  Now, these sites with Neolithic pottery but no evidence of domesticated plants 
and animals are referred to as Epipaleolithic with pottery. It is easy assume that these 
sites represent an intermediate stage in the adoption of agriculture by indigenous groups, 
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yet this need not be the case as hunter-gatherers did not necessarily ever fully adopt 
agriculture (Ullah et al., 2015).  
 The eastern region of North Africa, which includes Algeria and Tunisia, is near 
Sicily and also has evidence of Mesolithic hunter-gatherers. In this region, the 
Epipaleolithic and Mesolithic are termed the Capsian (10-6,000 BP) and are subdivided 
into the Upper and Typical Capsian based on styles in stone tool manufacture and form. 
The typical Capsian culture is based upon the production of blades for burins with hard 
hammer percussion, and the upper Capsian culture is recognizable for its emphasis on 
bladelet technology (Rahmani, 2004). Capsian groups subsisted upon terrestrial resources 
and may have moved seasonally between lowlands and uplands to exploit seasonally 
available resources and persisted for a time after the areas around them had adopted 
agriculture (Rahmani, 2004).  
 
Overview of the West Mediterranean Mesolithic 
 The Mesolithic in the west Mediterranean is certainly not a monolithic cultural 
entity, nor is it widely different from place to place. Instead I argue that is characterized 
by two contrasting pictures in almost all places. On the one hand, Mesolithic hunter-
gatherers can be broadly characterized as well adapted, focused upon a broad spectrum of 
resources and seasonally inhabiting contrasting ecological niches. Mesolithic groups 
focused on hunting ungulates or sheep, and while they surely consumed ample amounts 
of plants, there are very few Mesolithic sites with detailed paleobotanical evidence. From 
Sicily to Portugal, aquatic resources were an important component of Mesolithic diets. 
While not surprising for coastal regions, even inland Mesolithic sites were often 
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associated with rivers or lakes from which aquatic resources could be extracted. It is 
reasonable to extrapolate from the semi-permanent Mesolithic settlements like those 
found in Italy, France and Iberia that Mesolithic groups took advantage of seasonal 
abundance, usually focusing on differential elevations. Yet the impression of well 
adapted, broad-spectrum based subsistence groups strongly contrasts with the other 
image of a depopulated landscape brought on by a dramatic change to cold weather.  
 The seasonal exploitation of a wide range of resources is usually explained as 
resulting from the onset of the Holocene and as an outcome of the climatic amelioration 
and variation. However, researchers pointing to the 8200 cal BP climatic event as a cause 
of depopulation or regional settlement reorganization seem to assume that a broad-
spectrum subsistence strategy, probably based on seasonal movement, would have been 
disrupted by climatic changes when in fact such a strategy would probably have been 
well adapted for changes in abundance resulting from climatic variability. Although 
evidence of occupation hiatuses from some sites in Spain and France correlate well with 
this event, it is important not to conflate correlations with causation.  
  Unfortunately, it is hard to provide a clear picture of Mesolithic landscape use, 
economy, or population, and these factors influence most of the mechanisms that have 
been proposed for the arrival and/or adoption of agropastoral subsistence. Whether more 
research needs to be conducted in certain areas, or some areas were devoid of Mesolithic 
hunter-gatherers at the onset of the Neolithic is unclear. The overall preponderance of 
Mesolithic sites in the North of Italy, when compared to the south, is likely due in part to 
the amount of overall research done in the area (Gehlen, 2010). Yet as Biagi (2003) notes, 
research has been conducted in southern Italy,  much of northeast Italy, the Balkan 
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Peninsula and Greece, and the archaeological record indicates that much of these areas 
may have been unoccupied during the end of the Mesolithic. Recent research by Franco 
(2011) identified over 100 new Mesolithic sites in Italy but no final Mesolithic sites in 
the aforementioned areas. Researchers have also noted a lack of final Mesolithic 
occupations on Corsica and Sardinia which may have resulted from the discontinuation of 
visits from Italian peninsula (Guilaine and Manen, 2007b). Along the French portion of 
the Mediterranean coast, late Mesolithic sites are found but are “rare” and some sites do 
show occupation gaps between Mesolithic and Cardial occupations (Berger and Guilaine, 
2009:34). The Meseta, the interior of the Iberian peninsula may also have been 
comparatively empty during the Mesolithic. With the current state of research, it is hard 
to provide a clear picture of Mesolithic landscape use, density or population, and these 
factors influence most of the mechanisms that have been proposed for the arrival and/or 
adoption of agropastoral subsistence. Regrettably, the influence and importance of 
Mesolithic groups in the transition to agriculture is a very open question. 
 
The Early Neolithic in the West Mediterranean 
 The Neolithic transition represents one of the most profound transformations in 
human history, and since the advent of the discipline, anthropologists have sought 
explanations for the origins and dissemination of agriculture. The Neolithic encompasses 
a transition from hunting and gathering to agropastoral based subsistence; yet, the 
Neolithic is more than just a new suite of domestic foods. These subsistence changes led 
to the modification of the surrounding landscape through clearing for fields and the 
impacts of domestic animals. They allowed people to live in the same location for longer 
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periods and people began to invest in domestic architecture. With this change, more 
people could live in one location, and small villages began to appear. While this ‘domino 
effect’ view of the adoption and spread of agriculture is simplistic, the transition and 
spread to agriculture in the Neolithic led to a suite of different consequences that we still 
grapple with today.  
The spread of the Neolithic in the west Mediterranean continues from 7000 – 
4000 cal BC, and within a thousand years, agriculture spread from the southwest coast of 
Italy to the southern tip of the Iberian Peninsula and subsequently spread along the 
coastal areas of Portugal. The main component of the Neolithic package was an emphasis 
upon growing wheat and barley as well as some pulses such as peas, beans and lentils. In 
concert with a new suite of plants was a new cadre of domestic animals focused primarily 
on sheep and goats, but also including cattle and pigs. This new agropastoral subsistence 
strategy was accompanied by new classes of material culture. The first pottery known to 
the region is found in conjunction with the first evidence of domestic foodstuffs. The 
pottery is decorated with Cardium seashells that were dragged across or impressed into 
the vessel exteriors. Polished stone axes, new forms of domestic architecture, and 
possibly monumental earthworks also accompany the advent of cereals and domestic 
animals in the region.  
 
Neolithic Italy 
 The Neolithic package was first delivered to the Italian peninsula around or a little 
after 7000 cal BC in Apulia, the southeastern most region of the Italian peninsula. More 
specifically, the Tavoliere, which is a small peninsular region extending outwards into the 
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Adriatic sea towards Bosnia and Herzegovina, as well as the fluvial plains to the south, 
contains some of the earliest dates for Neolithic settlements. The general chronological 
pattern seems to support the first arrival of agriculture in the heel of Italy's 'boot,' and a 
westward spread to the Tyrrhenian coast and into Calabria and then spread northward 
along either side of the Italian peninsula and Sardinia and Corsica (Spataro, 2002). 
Having spread from the Levant to Turkey, Greece and the eastern Adriatic, agricultural 
groups migrated or traded across the Adriatic Sea to Italy, bringing domestic cereals, 
domestic animals, Cardial impressed ceramics, and a sedentary village lifestyle. 
Unfortunately, it must be stated that few systematic surveys have been conducted in Italy, 
and the rich history of Italy has drawn academic attention away from prehistoric research. 
Nevertheless, the Neolithic in Italy is not unknown to archaeology and some 
generalizations can confidently be made. 
 Initial Neolithic settlement focused upon alluvial soils and loess found in river 
valleys and flood plains, much like the initial spread of the LBK in central Europe; most 
sites range from 1-4 ha in size (Malone, 2003; Skeates, 2000). In the Tavoliere, authors 
have anecdotally noted that the earliest Neolithic sites are always located within 6km of 
the coast (see Figure 2.1) (Skeates, 2000). If true, the site locations could indicate the 
connection of the early Neolithic to the sea, but alternatively, may be related to the 
topography of Italy which has better flat agricultural land along the coast. Final 
Mesolithic sites in the Tavoliere seem to be primarily located in upland areas, indicating 
very different settlement strategies at the time of the transition (Biagi, 2003).  While 
some cave sites were occupied by both Mesolithic and Neolithic groups, most Neolithic 
settlements tend to be open air and located at different ecological zones even when 
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nearby to Mesolithic sites (Biagi, 2003). One of the earliest and well studied sites from 
the Tavoliere region is the site of Copa Nevigata (see Figure 2.1). The site has yielded a 
blade industry which includes sickles, early impressed ware and was first interpreted as a 
locus for the consumption of Cardium molluscs. However, more recent excavations have 
identified a significant amount of domesticated cereal remains (Skeates, 2000). The site is 
also surrounded by a ditch, a feature which is ubiquitous in Early and Middle Neolithic 
sites in the Tavoliere region and across the Adriatic sea. Interestingly, within these large, 
village encompassing ditches are often smaller “C-Ditches” which have been interpreted 
as defining familial compounds; although their function is far from settled. Within these 
new permanent villages would have been found structures made of wattle and daub 
(Shaffer, 1999). Located on the Tyrrhenian coast, the site of Piana di Curinga yielded 
more than 1000 kg of daub fragments, often with impressions from beams or branches 
(wattle) used in construction (Ammerman et al., 1988; Ammerman and Shaffer, 1980). 
Preliminary testing and magnetometer survey revealed 48 wattle and daub structures, 
sub-rectangular, likely occupied asynchronously throughout the village's occupation. One 
wattle and daub structure, Area H, is studied in depth. It is only 14 m2, and the interior is 
clear of artifacts suggesting that either the structure was regularly kept clean or that the 
structure was mainly used for sleeping and most activities would have occurred outside 
of the actual structure (Ammerman et al., 1988:136).  
 Not all Neolithic settlements are characterized by wattle and daub villages, 
however. Cave occupations continue from the Mesolithic and represent a substantial 
portion of the Neolithic record. The site of Grotta del' Uzzo, which contained substantial 
Mesolithic remains, also included evidence of Neolithic occupation. Not only did the 
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inhabitants of the cave change the focus of their animal exploitation to sheep and goats, 
but they also began to harvest a wide range of plants including wheat, barley, lentils, 
vetches and peas (Malone, 2003). In contrast to most sites of the Italian Neolithic, there 
also continues to be evidence that the Neolithic residents used marine resources (Robb, 
2007). In fact, Robb (2007) suggests that Neolithic Italians may have ignored marine 
resources as a result of a negative view of fish and shellfish. It is far from clear whether 
the Mesolithic inhabitants of the cave were related to the Neolithic ones, yet the sudden 
appearance of ceramics, pastoral animals and a strong focus on agriculture does follow 
the conventional Neolithic package pattern.  
 Neolithic Italians seem to have ignored more than just aquatic resources. The 
almost universal and ubiquitous dependence upon deer that characterized the Mesolithic 
gave way to minimal reliance upon hunted game during the Neolithic (Tagliacozzo, 
2005). With the initial arrival of agriculture in the south of Italy, wild resources comprise 
less than 5 percent of most faunal assemblages (Robb, 2007).  The animals raised by 
Neolithic groups for food would have included sheep, goats, cows and pigs, and may 
have reduced the food available to wild animals; yet early Neolithic sites were likely far 
enough apart to allow wild animal populations enough room to thrive.  However, as time 
passed and Neolithic occupations moved northward and new settlements were established 
(for instance in the Po plain), Neolithic groups do show more evidence for the 
consumption of wild animals and only gradually change to a full reliance upon 
agropastoral subsistence (Malone, 2003; Robb, 2007; Tagliacozzo, 2005). Red deer 
continue to be hunted later in northern Italy and in some cases represent a significant 
component of faunal assemblages, although they eventually decrease in importance 
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(Biagi, 1993; Malone, 2003). In contrast to the mainland, evidence from the island of 
Sardinia suggests that residents continued to hunt, gather, cultivate domestic plants and 
focus on sheep and goats (Kay Lazrus, 1999).  The four aforementioned domestic 
animals would have placed different ecological and labor stresses upon Neolithic groups. 
For instance, cattle require much more water and land than the other animals and are 
slower growing, which explains their abundance relative to other domesticates. Estimates 
of the relative proportions of Neolithic domestic animals project sheep and goats to make 
up the largest proportion at 60%, cattle 30% and pigs 10% (Robb, 2007:140). These 
estimates, however, vary from site to site and are linked to local ecological conditions. In 
an effort to better understand Neolithic diets, Robb (2007) has estimated that in some 
cases the amount of meat eaten may actually favor cattle when the amount of meat per 
bone is considered. Unfortunately, the relative importance of sheep and goats compared 
to cattle cannot be completely understood without an analysis of the secondary products 
they produce. The question of 'if' secondary products from sheep and goats or cattle were 
even used has not been settled and clear evidence for the importance of secondary 
products is not present until after the Neolithic. Nevertheless, a handful of sites such as 
Pienza in central Italy have ovicaprid remains consistent with a kill pattern for the 
promotion of secondary products (Malone, 2003). Two sizes of domesticated dogs have 
also been identified in Italian Neolithic contexts (Malone, 2003); however, they are not 
believed to have been a source of food. Instead, dogs were likely kept for companionship 
or work including herding or hunting (although this seems unlikely due to the apparent 
lack of hunting suggested by faunal remains) (Robb, 2007).  
 In contrast to the shift from wild to domestic animals, the shift to domestic plants 
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is difficult to pin down due to the lack of Mesolithic plant remains. The intense 
cultivation of domestic plants appears with the arrival of domestic animals, ceramics and 
sedentism and may be the most intensively studied aspect of the Neolithic lifestyle. The 
remains of Neolithic crops are consistently made up of wheat and barley (Rottoli and 
Castiglioni, 2009). More specifically, these crops included multiple types of wheat 
including emmer, einkorn, spelt, bread and club wheats which all have different 
ecological needs and tolerances. Domesticated barley is highly tolerant of dry 
environments. Legumes such as peas, lentils and vetches were also grown by Neolithic 
Italians and may have been used in rotation with grains, since legumes add nitrogen to 
soils that are needed for the growth of cereals (Rottoli and Pessina, 2007; Rottoli and 
Castiglioni, 2009). Both olives and grapes are sometimes found associated with Neolithic 
settlements (e.g. Torre Canne and Cava Barbieri), yet their scarcity at Neolithic 
archaeological sites and eventual abundance in later periods suggests that they were not 
an important subsistence source (Bellini et al., 2008; Malone, 2003). Other wild plant 
remains are still found in association with Neolithic sites and include a large variety of 
berries and nuts. 
 The shift to agropastoral production on the islands of Sardinia and Corsica is 
similar to that which occurred on the Italian mainland. Faunal remains from the islands 
suggest the importance of pig and sheep, as well as the limited presence of cattle (Tykot, 
1999). The carbonized remains of both Triticum monococcum and dioccum have also 
been well documented from multiple sites on both Corsica and Sardinia. It appears that 
with the introduction of the Neolithic package the trade of Obsidian becomes a major 
economic focus of the islands, yet it is unclear what this correlation truly means (Tykot, 
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1999). This might be used to imply that agricultural products were traded to the islands 
for obsidian, or it may have resulted from the arrival of agropastoral immigrants whose 
connections facilitated the new obsidian trade. Unlike indigenous populations in 
mainland Europe, the inhabitants of Corsica and Sardinia had nowhere to go and must 
therefore have been involved in this transition.  
 The initial spread of the Neolithic in Italy is often characterized and traced 
through ceramic typology, and there is often a sense that similar ceramic styles may 
equate with cultural connectedness. Whatever the relationship between pots and people, 
early Neolithic Italian ceramics are classified as one type based upon exterior surface 
decoration. Specifically, the earliest ceramics in southeast Italy are of the Impressed 
Cardial style. The exterior of Cardial Impressed ceramics are marked with Cardium 
shells in zonal patterns either by dragging or impressing. It is striking that early Neolithic 
ceramics remain similar overall, even though vast expanses of space and, to some extent, 
time.  
 Unlike the spread of ceramics and the agropastoral way of life, Neolithic stone 
tool assemblages are not uniform, nor are they necessarily new. Throughout Italy, 
indigenous stone tool types are still present after the arrival of the Neolithic. New stone 
tool types include long retouched blades and projectile points (Robb, 2007). Assemblages 
continue to be characterized by microburins and geometrics, and some sites such as 
Ripabianca di Monterado show absolutely no change (Malone, 2003). Available raw 
materials varied strongly from region to region, with some areas having very low quality 
chert while other areas were mined. The sites of La Defensola and Valle Sbernia were 
mined during the Neolithic for their superior quality flint (Robb, 2007). Defensola 
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contained shafts following flint bands and two galleries; among the evidence from this 
site is included impressed ceramics, antler picks and a stone lamp (Di Lernia et al., 1990). 
Obsidian is also present throughout Italy, although it only originates on four islands.  
 The exchange of obsidian in Italy has been well researched and obsidian artifacts 
can now be sourced to each of four islands (Lugliè et al., 2007; Muntoni, 2012; Tykot, 
1995, 1996, 1997). The islands of Lipari, Palmarola, Sardinia, and Pantelleria (see Figure 
2.1) all possess obsidian flows that were exploited during the Neolithic, yet the best 
sources are found on Lipari and Sardinia (Malone, 2003; Robb, 2007). The obsidian 
found on Lipari was distributed to southern Italy, while obsidian from Sardinia was 
traded in the North (Muntoni, 2012). Often trade, especially long distance, is assumed to 
result from multiple exchanges in a down-the-line pattern. However, Ammerman's (1979) 
analysis of obsidian in Calabria suggests that trade of obsidian moved from Lipari to 
Calabria by boat in a “radial” pattern and was then distributed to the rest of peninsular 
Italy. Further suggestions of the connection between obsidian trade and maritime 
movement comes from a GIS analysis of obsidian location and transport routes by Robb 
and Tykot (Robb and Tykot, 2003). On Sardinia, the earliest Neolithic site of Su 
Carroppu already seems to suggest a detailed knowledge of local obsidian (Lugliè et al., 
2007). The distribution of obsidian spread across Italy and increased throughout the 
Cardial Neolithic and into the Middle Neolithic (Malone, 2003). The large scale spread of 
obsidian (as much as 1,000 km) may indicate that a new large scale connected network 
had arisen (Robb, 2007). These networks may have had larger nodes that functioned as 
redistribution centers, and the comparatively large amounts of obsidian at over a dozen 
sites has been interpreted as evidence of such a network structure (Robb, 2007). In 
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addition to the movement of obsidian, polished stone axes also circulated around Italy 
and stone used for these axes originated near the alps (Leighton, 1992; Robb, 2007). 
Whether this network existed before the spread of domesticated plants and animals, or if 
it was created as a result of it, is an open question. Nevertheless, the obsidian trade seems 
to indicate that as domesticates spread, the connections between newly Neolithic groups 
were maintained through time and space in an important way. 
 
Neolithic France 
 The continued expansion of an agricultural lifestyle pushed into the French 
Mediterranean coast between 6600 and 6400 cal BC (Guilaine and Manen, 2007b; Manen 
and Sabatier, 2003). While that date is firm, there remain questions surrounding the 
cultural affiliation of initial agriculturalists. Previous models for the appearance of 
agropastoral people credited an organized arrival of Cardial ceramic bearing people. 
Instead, the current predominant model for the colonization of the French coast posits an 
earlier, non-Cardial or Tyrrhenian Cardial arrival of agriculture to the area from various 
points in northwestern Italy and is based upon local artifacts and chronology instead of a 
regional view (Guilaine and Manen, 2007b; Manen, 2012; Manen and Convertini, 2012; 
Van Willigen, 2004). The sites of Peiro Signado, Pont de Roque-Haute and Pendimoun 
all have been found to have occupations related to Italian Neolithic sites on the basis of 
ceramic typology (Guilaine and Manen, 2007b, 2007a; Manen and Perrin, 2009).  The 
differing ceramic typologies which have connections to multiple locations in Italy have 
led some to suggest that initial colonization of the area was in a sporadic and ephemeral 
fashion. The site of Pont de Roque-Haute also contained obsidian which would have been 
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traded from one of the four obsidian producing Italian islands, at least hinting at a 
connection to sea travel. After these initial sites were occupied, Cardial Neolithic sites 
were founded along the Mediterranean coast and in association with rivers, lakes and 
lagoons starting at 7600 BP. Guilaine and Manen (2007b:37) state that this arrival seems 
to be “the result of a more structured development and demographic expansion;” however, 
there is little evidence to support or disprove such a claim. The subsequent Cardial 
intensification is distinguished from the earlier arrival based upon the subsequent ceramic 
standardization and intensity of occupation, yet it is not clear that this is strictly a new 
phenomenon. Instead it could be argued that the continued and more frequent arrival of 
agropastoral groups to the region and their settlement expansion inland was the tail end of 
a general process of Neolithic expansion from Italy. Cardial ceramics did undergo a 
standardization in decoration compared to earlier impressed ceramics from Italy and 
France (Taras, 1992; Van Willigen, 2004). Moreover, some differences between the 
Cardial in southern France and the Tyrrhenian region of Italy, such as an apparent 
absence of obsidian (although nearby Arene Candide does have obsidian), exclusively 
Cardium decorated ceramics and the lack of flat based pots does indicate some 
differences between the French Cardial and Italian Cardial Neolithic (Guilaine and 
Manen, 2007b).  Instead of reflecting two exclusive groups of Neolithic agriculturalists, 
the appearance of the formal Cardial Neolithic may also reflect the arrival of a new wave 
of people (Manen, 2002). Recent work by Binder (2013) using a detailed analysis of 
radiocarbon dates and stone tool assemblages has identified a five stage progression from 
Mesolithic groups to a fully Neolithic French coast. These stages include an initial 
Mesolithic and Neolithic system for early agriculturalists and a subsequent spread of 
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Neolithic groups to areas that were previously uninhabited by Mesolithic groups (Binder, 
2013). Differences notwithstanding, the variety of scenarios more than likely all contain 
some truth and demonstrate the heterogeneous nature of the process of neolithization, as 
well as the importance of considering local and regional trends when understanding the 
spread of the Neolithic (Manen, 2012; Pardo Gordó, 2015). 
 Putting aside the question of the origins of the Cardial Neolithic tradition, many 
aspects of the French Neolithic strongly resemble the Italian Neolithic.  Similar to the 
initial Neolithic in northern Italy, Neolithic groups in the south of France consumed wild 
and domestic species. For instance, at the site of Fontbrégoua wild animals represented 
25% of the faunal assemblage and domestic animals represented 48% (the remaining  
27% were undetermined) (Le Bras-Goude et al., 2010).  Again similar to Italy, the most 
common domestic species are sheep and goat, and the faunal record supports a continued 
avoidance of aquatic resources (except freshwater turtles). The full suite of wheat 
varieties, barley, vetches and legumes were also raised and consumed by French Cardial 
groups (Van Willigen, 2004). Human remains from 14 individuals found at the site of 
Fontbrégoua have been subjected to isotopic testing to better define Cardial Neolithic 
diets (these are the same individuals which have been linked to evidence for cannibalism: 
see Beyneix, 2008; Guilaine and Manen, 2007; Villa, 1992 ). The data indicates that most 
of the protein came from terrestrial animals, most likely from domestic animals 
(specifically sheep and goat) since few wild animals are associated with the site, (Le 
Bras-Goude et al., 2010). Herd profiles and kill patterns also suggest that early Neolithic 
kill patterns may have favored the use of secondary products in the Cardial Neolithic 
(Helmer and Vigne, 2004). Aside from the turtles at Fontbrégoua, wild animals from 
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Cardial Neolithic contexts include deer, wild boar and ibex in higher altitudes (Binder et 
al., 2008; Guilaine and Manen, 2007a). 
 The current archaeological record from the Mediterranean coast of France 
suggests that caves continued to play an important role in Neolithic residential patterns, 
just as they had during the Mesolithic. However, this may be a bias in preservation, areas 
chosen for research, or part of a more complex subsistence strategy. Caves such as 
Fontbrégoua may have acted as pens for pastoral animals and may have been occupied 
seasonally, while open-air villages were occupied more extensively during the 
subsequent parts of the year or been part of a Cardial Neolithic transhumant system 
(Binder, 2000; Geddes, 1983; Le Bras-Goude et al., 2010). A fair amount of settlement 
continuity exists between Mesolithic and Neolithic site locations; however, it is unclear if 
this implies a connection between the two populations or reoccupation of sites due to 
their location or even functional (e.g. hunting) benefits (Nicod et al., 2012).  In general, 
Cardial Neolithic and earlier impressed Neolithic sites are located along the coast, and 
inland sites are associated with rivers or lakes (Guilaine and Manen, 2007b). Sites may 
also have been well connected, at least through regional trade which would have included 
high quality flint and stone axes (Binder, 2000). Although a settlement system based 
upon movement between cave and open-air sites has been proposed, few open-air sites 
have been extensively excavated. One such open-air site is the site of Le Baratin, which 
contained circular structures presumably made of wattle and daub in a similar manner to 
the structures found in Italy and described by Ammerman and colleagues (1988). Wattle 
and daub structures are also found at other sites including Pont de Roque-Haute (Guilaine 
and Manen, 2007a). 
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Neolithic Iberia 
 The first Neolithic settlements began to appear on the Iberian peninsula around 
5600 cal BC and first appear on or near the eastern Mediterranean coast. Agriculture or 
agriculturalists arrived from France and spread in a clockwise direction around the 
Iberian peninsula. New settlements appear rapidly along the coast, after which Neolithic 
settlements slowly diffuse into the nearby interior areas (Fernández López de Pablo and 
Jochim, 2010). The coastal component of the Neolithic spread is characterized by rapid 
and punctuated movement over large distances. The space between these movements 
seems initially to be empty and gradually filled as well. The initial chronology of the 
Neolithic in eastern Spain was based upon the excavation of two cave sites, Cova de l'Or 
and Cova de les Cendres, where the appearance of Cardial wares and evidence of 
domestic plants and animals were found (Bernabeu Aubán, 1989; Llobregat et al., 1981; 
Marti Oliver, 1990; Marti Oliver and Juan-Cabanilles, 1997). As in southern France, a 
similar consensus concerning the primacy of Cardial ceramics in eastern Iberia is 
beginning to take shape (Bernabeu Aubán et al., 2009; Cruz Berrocal, 2012; Garcia 
Atienzar and Jover Maestre, 2011). Ceramics from the site of El Barranquet (and possibly 
others see (Cruz Berrocal, 2012)) are of a similar impressed style to those found in early 
French contexts and at Arene Candide. A new model is gaining traction which first 
includes an initial short and possibly unorganized period of settlement by groups 
connected to the Ligurian impressed ware tradition (Bernabeu Aubán and Marti Oliver, 
2014). Yet, as in the earliest Neolithic settlements from southern France, there are few 
corresponding material culture differences which make it difficult to determine if this 
ceramic style represents a different group of people or simply a divergence in ceramic 
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style. What is more, the chronological implications (earlier impressed ware) are not yet 
supported (Cruz Berrocal, 2012). After the arrival of the Neolithic in north eastern Iberia, 
the Cardial Neolithic spreads to the rest of the Iberian peninsula, moving quickly to 
coastal locations while slowly diffusing inland. Agropastoral enclaves have been 
proposed along the coast at points which seem to be earlier than the surrounding region in 
Catalonia, Valencia, the south near the site of Nerja and in Portugal (see Figure 2.3), 
although these enclaves could relate to biases in research (Garcia Atienzar and Jover 
Maestre, 2011). There is a great deal of archaeological evidence for Iberia as a whole, 
and the pace of research has increased greatly in the last fifteen years. To tackle the 
Iberian archaeological record then, the following discussions will center on the eastern 
coast, the southern coast, Portugal and the western coast and the northern coast. 
 
The Neolithic in Eastern Iberia 
 Perhaps the most extensively studied region of Iberia, the eastern coast was first 
well known because of cave sites, but now boasts two of the most well studied open-air 
sites. Currently, the earliest directly dated domestic plant remains comes from the site of 
Peña Larga in the Ebro Valley and date to 5638 cal BC (Fernández Eraso, 2011). In the 
last fifteen years the water-logged site of La Draga and the site of Mas d'Is have added to 
more than just the radiocarbon record. La Draga is a partially water-logged site located 
on the shore of Lake Banyoles (see Figure 2.3) and the unique preservation from the site 
has yielded an unprecedented view into Cardial Neolithic life (Tarrus et al., 1994; Tarrus, 
2008).  Occupation at the site began between 5600 and 5500 cal BC. Close to 1,000 post 
holes have been recovered so far, and the identification of individual structures has 
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proven difficult (Tarrus, 2008). With this in mind, a few generalizations can be made – 
structures are oriented towards the lakeshore, and the identical orientation and similar 
spacing, and multiple lines of structures are represented in configurations corresponding 
to changing shorelines. Additionally, the excavators have identified two phases of 
occupation – the later phase is characterized by a travertine stone pavement (Palomo et 
al., 2014).  The site boasts an extensive catalog of wooden artifacts, including a paddle, 
an adze, a comb, a sickle, and wooden projectile points (Piqué et al., 2015). Faunal 
remains, as well as three bows, are preserved at the site and demonstrate the continued 
incorporation of wild fauna into the subsistence of the Neolithic inhabitants (Piqué et al., 
2015). A total of 50 wild species have been identified and include deer, boar, wild goat, 
birds and a number of small carnivores that may also have been hunted for reasons 
unrelated to subsistence (Piqué et al., 2015). The preservation at the site also provides a 
different view of wild plant resources at the site. In most Neolithic sites, cereal remains 
make up most or all of the plant remains; however, at La Draga wild plant remains make 
up 45% of the total archaeobotanical assemblage (Antolín and Jacomet, 2015). Some of 
the most common included Chenopodium album (which can be turned into flour), 
blackberries and prunes (Antolín and Jacomet, 2015). Interestingly, a comparison of the 
charred plant remains from dry contexts at La Draga to those found in wet contexts at La 
Draga is significantly different, and wild plants are severely underrepresented. This 
implies that wild plant remains are underrepresented from many Neolithic sites because 
they were not charred with the same frequency as domestic plants. From the currently 
available evidence it seems that wild plants continue to be exploited in similar 
frequencies during the Neolithic as they were during the Mesolithic or were still 
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important to early agriculturalists (Buxo, 2007; Pena-Chocarro et al., 2013). 
 The site of Mas d'Is is located along one of the tributaries of the Serpis (see 
Figure 2.3) and is dated to 5600-4400 cal BC (Bernabeu Aubán et al., 2003). Excavations 
have recovered evidence of domestic plants and Cardial ceramics (see Molina Balaguer et 
al., 2012), as well as a fair amount of architecture. At the site, the remains of semi-
circular wattle and daub structures seem to be separate in space and time and are 
accompanied by a large number of isolated postholes and hearth features (Bernabeu 
Aubán and Orozco Köhler, 2005). The construction of the structures seems to resemble 
the Impresso-Cardial homes found in Italy and France. The most distinguishing feature of 
the site is a series of monumental ditches (fossa) unlike any associated with this period 
(except perhaps for the site of Senhora da Alegria and the enclosures associated with the 
initial Neolithic settlements of the Tavoliere).  The purpose of these ditches is unclear – 
ideas range from ritual architecture to pastoral enclosure – and the large amount of labor 
that would have been required to construct them has justifiably been used as a jumping 
point for discussions about increasing social complexity (Bernabeu Aubán et al., 2003, 
2006b). The site is also associated with a dark sedimentary layer that may be associated 
over 100 Neolithic open-air sites, but unfortunately it is unclear if these dark layers 
formed as a result of Neolithic occupation or attracted Neolithic groups to settle there 
(Gallello et al., 2013).  
 The sites of La Draga and Mas d'Is provide a good point from which to make 
generalizations about the Cardial Neolithic in eastern Spain. These sites contain the 
typical elements of the Neolithic – a reliance upon wheat and barley, wattle and daub 
structures, Cardial ceramics and an emphasis on domestic sheep and goat for animal 
 39 
protein (García Puchol et al., 2009). A distinguishing feature of the Neolithic in eastern 
Spain, specifically the Valencian region, is the large number of rock art sites associated 
with the Cardial Neolithic. The rock art has figured prominently in interpretations of 
Mesolithic and Neolithic interaction or territorial markers (Bernabeu Aubán, 1999; 
García Puchol et al., 2009; McClure et al., 2008). The art is divided into three styles: 
Machroschematic art resembles Cardial ceramic decoration and features figures with 
raised arms, Schematic art also contains figures and geometric designs that are similar to 
designs from the Neolithic to the Bronze Age and Levantine Art which often contains 
naturalistic scenes with animals (McClure et al., 2008). Although the meaning of the art 
is far from clear, the distribution of it seems to be of significance and tied to the 
distribution of Neolithic sites (García Puchol et al., 2009). The initial Neolithic was 
probably of low settlement density and the cave sites which had until recently dominated 
the archaeological record were probably used as both space for habitation and as pens for 
sheep and goats (Fernández López de Pablo and Gomez Puche, 2009; Garcia Atienzar, 
2006). Neolithic settlements tend to be associated with water, and it is believed that this 
is related to favorable soil properties associated with river courses (Garcia Atienzar and 
Jover Maestre, 2011). The evidence from Mas d'Is fits a general picture of isolated 
pioneering sites, and it is located along a river course (Garcia Atienzar and Jover Maestre, 
2011). However, the site of La Draga does not seem to fit this generalized picture; it has a 
more intense habitation, and while it is located near water, the soils surrounding Lake 
Banyoles would not necessarily have been beneficial for agriculture. The scenario of 
small dispersed settlements, therefore, may then only be applicable for the Valencian 
region of the eastern Neolithic.  
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 When compared to the overall record of the Impresso-Cardial Neolithic, the 
archaeological record from eastern Spain is unique since systematic surveys have been 
conducted and open-air sites have been extensively excavated (e.g. Barton et al., 1999 
and Barton et al., 2004 ). In addition to recording more sites, areal surveys focusing on 
extensive drainages and valleys have provided detailed chronological and spatial 
examinations of Neolithic settlements by comparing artifact frequencies, physiographic 
location and the duration of the archaeological period. For instance, using the 
aforementioned markers, Barton et al. (1999) are able to characterize the Neolithic II 
occupation in the Polop Alto valley as intense, especially in the valley margin, and 
suggest that use all parts of the valley were used extensively. Most Cardial Neolithic sites 
were likely open-air, low intensity settlements; yet most of the evidence from Neolithic 
sites in the Mediterranean comes from cave and rockshelter deposits. These deposit types 
rarely contain straightforward stratigraphy. Instead, sediments in caves and rockshelters 
are often mixed due to post-depositional disturbances and represent a palimpsest of 
occupational episodes. In an effort to understand the depositional history of seven 
Neolithic cave sites in eastern Spain, Bernabeu Auban et al. (2001) analyzed the 
excavated fauna from these contexts by examining the occurrence of carnivore tooth 
marks and anthropogenic fractures from these sites. The analyses indicate that three types 
of faunal assemblages are present at these sites. The first group is associated with the 
Mesolithic and shows evidence of anthropogenic fractures and little evidence for 
carnivores. A second group, associated with the Neolithic, contains the opposite - a high 
incidence of carnivore marks and few anthropogenic fractures. A third group contains 
high incidences of both anthropogenic and carnivore marks and likely indicates mixed 
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Neolithic and Mesolithic contexts (Bernabeu Aubán et al., 2001). The bias towards 
Neolithic cave excavations is due to preservation issues and the extensive occupation 
sequences found in caves, not as a result of actual Neolithic settlement patterns. Neolithic 
sites in open-air contexts leave little architectural remains, and have likely been disturbed 
by 5,000 years of human modifications to the landscape, including plowing and terracing. 
Recent work has also suggested that the 8200 cal BP climatic event (attributed to changes 
in ocean salinity) might have affected the archaeological record of hunter-gatherers and 
agriculturalists during the transition to agriculture (Berger and Guilaine, 2009).  
 
The Neolithic of Southern Iberia 
 The southern region of Iberia has comparatively fewer excavated sites, and as a 
result it is more difficult to describe the southern Neolithic with specificity. Much of 
southeastern Iberia is characterized by a dry and warm climate, which is probably 
responsible for the lack of early Neolithic sites. Much of the current research for the area 
focuses on the relationship of southern Iberia to the Maghreb, the nearby coast of North 
Africa. The most influential site in this region is the cave site of Nerja which has a long 
chronological sequence (Aura Tortosa et al., 2013; Cortés Sánchez et al., 2012).  Cardial 
ceramics and the remains of domestic plants and animals are present at Nerja by 5900 cal 
BC, a rapid appearance which may have come from the eastern coast of Iberia or may 
have originated in North Africa as has been suggested by Cortés Sánchez et al. (2012). 
They are preceded by a 500 year gap after the previous Mesolithic inhabitants (Aura 
Tortosa et al., 2013; Garcia Borja et al., 2014). The stone tool record from the site 
indicates that lithics were heat treated, which is similar to the stone tool traditions of 
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north Africa and Neolithic sites from Portugal. Geographically, southern Iberia is 10-15 
km away from North Africa at the Strait of Gibraltar; the regions would have interacted 
frequently, as evidenced from the subsequent arrival of Cardial ceramics and domestic 
foodstuffs in north Africa.  
 
The Neolithic of Western Iberia 
 While encompassing both the south (Algarve) and west (Estremadura) coastlines, 
the Cardial Neolithic in Portugal has been recognized as an important region for 
comparison because of its history of Neolithic research and the well documented 
presence of substantial Mesolithic groups in association with shell middens. Cardial 
Neolithic groups begin to appear in Portugal by 5400 cal BC, with initial settlements first 
appearing in the Estremedura region (See Figure 2.3) (Zilhão, 1993). These early 
settlements are associated with all of the characteristics that make the Neolithic unique. 
Neolithic settlements contain evidence for Cardial style ceramics, also wheat and barley 
focused agriculture was certainly present (although there have not been a lot of plant 
remains found), as were domestic sheep and goats. Early Neolithic sites are located near 
the coast or adjacent to rivers which flow into the coast and are either found in caves or in 
small open-air hamlets. More specifically, Cardial Neolithic sites seem to be clustered, 
which has led Zilhão (1993, 2003) to suggest that these clusters represent enclaves of 
agriculturalists who arrived to these locations via coastal expansion. The site of Gruta do 
Caldeirão is one of the earliest sites in this region of Iberia and shares similar Cardial 
decoration to the site of Cova del Or in the Valencian region; it may also have been used 
as a pen for sheep and goats (Zilhão, 2004b). The early Neolithic levels at Gruta do 
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Caldeirão also contained the remains of four adults and one child (Zilhão, 2004b). 
Isotopic evidence from these remains indicate that these individuals (associated with 
Cardial ceramics) relied on a diet of terrestrial resources and not marine resources (Lubell 
et al., 1994) . 
 The interaction of hunter-gather populations and agropastoralists is often a central 
point of debate in the study of the Neolithic in Europe. The data from Portugal offers a 
view into one local interaction.  Current archaeological evidence from Portugal indicates 
that populations of hunter-gatherers continued to exist after the arrival of Neolithic 
groups. Clear archaeological evidence of the importance of migration is evident from the 
excavations of contemporaneous Mesolithic and Neolithic settlements in the Sado and 
Mira estuaries (Zilhão, 2000). Excavations have revealed that these two populations lived 
in proximity to one another for several centuries and continued to use different material 
culture (ceramics and stone tools). Moreover, skeletal remains from the sites were found 
to have distinct isotopic signatures, reflecting different subsistence strategies (Zilhão, 
2000). Although the groups lived in proximity, Mesolithic and Neolithic groups seem to 
have lived in mutually exclusive distributions which might easily correspond to territories 
(Zilhão, 2000).  Mesolithic groups continued to focus on marine resources, but they do 
not ignore wild terrestrial animals such as rabbit (Dean et al., 2012). The subsistence of 
early Neolithic groups was focused entirely on terrestrial sources including cereal crops, 
domestic animals and wild fauna. This pattern is confirmed in the southern Costa 
Vicentina region, and the lack of marine resource exploitation can even be said to be 
inefficient (Dean et al., 2012). In the instance of the Portuguese Neolithic, it seems that 
the Mesolithic group(s) did not adopt agriculture from the nearby Neolithic farmers 
 44 
immediately and instead continued to practice a hunting and gathering based subsistence 
strategy. For the moment, the evidence from Portugal has not settled the debate 
concerning the roles of autochthonous and migrant groups for the spread of the Neolithic 
subsistence and material culture across the west Mediterranean.  
 
The Neolithic of Northern Iberia 
 The information from the northern coast of the Iberian peninsula is limited and 
suggests a neolithization strongly influenced by topography. The northern coast is 
bordered by the Cantabrian mountains, which is abutted by the upper portion of the Ebro 
valley. The Ebro valley is connected to the eastern Mediterranean coast and it has been 
suggested that this corridor was a route of inward neolithization (Arias, 2007). Cardial 
ceramics are present at a few upper Ebro sites, especially from the site of Peña Larga, yet 
evidence of domestic plants and animals is not always present (Arias, 2007).  In light of 
this, it has been argued that some of the initial Upper Ebro Neolithic occupations may 
actually be “foragers who owned pottery” (Arias, 2007: 57). For example, the site of 
Mendandia has yielded ceramics but also contained typical Mesolithic lithic and faunal 
assemblages. No evidence of the Cardial Neolithic, or even Cardial ceramics, has been 
found in or north of the Cantabrian mountains which likely focused as a barrier to the 
spread of agriculture. The earliest domestic grain in the Iberian north was found at the 
site of El Miron and dates to 4400 cal BC (Peña-Chocarro et al., 2005). 
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The Neolithic of Central Iberia 
The interior, or Meseta, is not filled by agropastoralists until the following 
Epicardial period (Zilhão, 2000). Nevertheless, the dispersal of agriculture to the northern 
Meseta does begin during the Cardial. The northernmost Meseta extends to the 
intersection of the Ebro Valley and the Cantabrian mountains. Here, the sites of La Paleta, 
El Mirador and La Vaquera contain evidence of early Cardial Neolithic occupations 
including domestic plants, sickles and Cardial ceramics (Fernández López de Pablo and 
Gomez Puche, 2009). Although the Meseta may have ostensibly been empty during the 
Mesolithic, the dispersal of agropastoral systems into the northern Meseta, likely from 
central Catalonia or the Valencia, was relatively early. On the other hand the arrival of 
agriculture to the southern Meseta is delayed until the Epi-Cardial (Pena-Chocarro, 2007).  
 
The North African Neolithic 
 Similar to the archaeological record of southern Iberia, with which it is linked, the 
initial Neolithic of the Maghreb (north Africa) is poorly understood. The area 
encompassed by this research is the northern edge of Morocco, Algeria and Tunisia.  
Researchers have long known that Cardial ceramics were present on the African 
continent (e.g. Gilman, 1975), yet few detailed excavations have actually occurred more 
than 40 years later. For the moment, the research that has been conducted has almost 
exclusively taken place in Morocco (Linstädter, 2008). At the Moroccan site of Kef Taht 
el Ghar domestic wheat varieties are present very early (9 -10,000 cal BC), yet Cardial 
ceramics and ovicaprids do not appear for several thousand years later (5300 cal BC). 
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This incongruity has led some to believe that the archaeological record at the site may be 
mixed (Zilhão, 2014). More recently the site of Ifri Oudadane has yielded a more detailed 
sequence, not believed to be mixed, that shows a clear gap between earlier Epipaleolithic 
levels and Neolithic levels. These levels contain ceramics and evidence of domestic 
plants and animals in chronological association with one another (Linstädter et al., 2012). 
Although the eastern portion of North Africa is close to Sicily, and by extension may 
have been exposed to Neolithic subsistence and material culture, it is not clear if 
agriculture was adopted at an early date. Current hypotheses support the Neolithic 
package moving east from Morocco into Algeria and Tunisia, and currently available 
radiocarbon dates support this pattern (Linstädter, 2008; Pena-Chocarro et al., 2013). It is 
suggestive that the Neolithic in Algeria and Tunisia is first present along the coast (see 
Figure 2.4) and hunter-gather groups (or Upper Capsian groups) adopt agriculture much 
later (Rahmani, 2004). Yet the primacy of coastal settlements need not be related to 
maritime expansion since most of the rainfall in the region is restricted to the coastline 
(Linstädter, 2008). 
 
The Impresso-Cardial Neolithic 
 The spread of the Neolithic in the west Mediterranean was fast and unmistakably 
different than the preceding Mesolithic period. The current archaeological evidence 
presented above suggests that the Neolithic represents a substantial change in diet, living 
conditions, new types of material culture, and social connectedness. The physical 
presence of domestic wheat and barley is used to identify the shift to an agropastoral 
subsistence strategy. Since the presence of domesticated wheat and barley helps indicate 
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the transition to the Neolithic, it is not surprising that it is ubiquitous at Cardial Neolithic 
sites. Yet, the strong reliance upon wheat and barley as indicated by La Draga implies a 
new commonality for people of the west Mediterranean that likely bound agricultural 
groups to one another and could have excluded non-agriculturalists. Interestingly, much 
of what defines the Neolithic was made possible by the shift to domestic plants and 
animals. The presence of agropastoral villages would have been supported by the farming 
of domestic cereals. Domestic animals were also a crucial component of the agropastoral 
way of life and would certainly have provided a reliable source of protein that was 
instrumental to the success of agropastoralists. The presence of similar, Cardial decorated 
ceramics suggests that early Neolithic groups may have been connected to one another 
and enjoyed far reaching social contacts.  
 Social contact and the continued spread of the Neolithic package from Italy to 
Africa seem to be linked to ocean travel. The earliest sites in all of the locations discussed 
are coastal, and the rapid spread would have been facilitated by ocean travel. Although 
the coastal spread of the Neolithic way of life could be explained by an emphasis upon 
marine resources, early Neolithic settlements provide little evidence for the exploitation 
of marine resources. With this in mind, the importance of travel along the ocean seems 
the most likely explanation for the distribution of early Neolithic settlements along the 
coast. Ocean travel may have been the result of indigenous groups using boats to travel to 
other nearby groups, or migrant farmers may have used coastal travel to find and found 
new settlements.   
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Conclusion 
 Although the neolithization of the west Mediterranean has long been complete 
and now seems inevitable, Mesolithic groups were well adapted to their surroundings.  
Mesolithic groups clearly understood the mechanisms underlying the natural world 
around them and were not passive participants. They had fine-tuned their adaptations 
with the onset of the Holocene and were neither starving nor in risky situations. When 
appropriate, Mesolithic people could encourage the growth of species or move to new 
seasonally available resources by focusing on different ecological settings. By the same 
token, the Mesolithic record indicates that Mesolithic groups may have exploited marine 
resources so well that movement to nearby areas may not have been necessary. In light of 
this, it almost seems implausible that Mesolithic groups would have switched their 
subsistence strategies to domestic plants and animals. Although population rates likely 
could not have sustained it, Mesolithic coastal subsistence appears well adapted enough 
to spread eastward into Greece, Turkey and the Levant.  
 For the moment, the density of indigenous Mesolithic groups, their success and 
even their existence are open to question. The effect of the 8200 climatic event may have 
been devastating upon Mesolithic populations, or it may have gone unnoticed by 
contemporaneous Mesolithic groups. Unfortunately, this unanswered question has 
profound implications for the spread of the Neolithic and really needs to be investigated 
in detail at a local level, since global climate variations may have been mitigated or 
amplified by local conditions.  
 The striking changes that occur with the arrival of agriculture are more than a 
simple change in the subsistence focus of a group. The Neolithic way of life meant living 
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in wattle and daub structures, planting and storing domesticated cereals, manufacturing 
ceramics and herding animals. While early Neolithic groups certainly hunted, hunger no 
longer hinged upon the failure or success of hunting and gathering. The new shift to an 
agropastoral landscape which quickly and almost entirely replaced the former hunter-
gatherer dominated landscape is nothing short of revolutionary. As an area of study, the 
spread of the Neolithic in the west Mediterranean is distinguished by the presence of 
Impresso-Cardial ceramics. Yet it was connected by the spread of domestic plants and 
animals as well as the newfound importance of sedentary life, whether that spread was 
propelled by the transmission of domestic plants and animals through trade, the migration 
of agropastoralists, or a combination of both processes. Most archaeologists would agree 
that the shift from the Mesolithic to the Neolithic in this region is a significant one, and 
perhaps for this reason strong disagreement continues to rise over the models of the 
responsible processes and causes for the spread of the Neolithic.  
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Figure 2.1. The Italian peninsula including archaeological sites mentioned in the text and 
important geographical features.  
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Chapter 3: Mapping and Modeling the Environment & 
Topography of the West Mediterranean Neolithic 
 
The west Mediterranean is characterized by a wide range of physio-geographical 
features, including mountains, volcanoes, waterways, and islands. This variability seems 
to contradict the idea that one human socioeconomic system could have adapted to all of 
these different conditions while simultaneously spreading so quickly across such long 
distances. Perhaps the various subsistence facets of early agropastoral systems were 
flexible enough to allow for early agriculturalists to adapt to different local environmental 
conditions. On the other hand, early agriculturalists may have moved frequently to 
respond to environmental shortcomings. The shift from foraging to farming necessitates a 
reorganization of interactions between humans and their environment. Not only do 
agropastoralists need specific climactic and geographic conditions, but they also tend to 
affect the landscape around them in substantial ways. For this reason, the relationship 
between Impresso-Cardial agropastoralists and their local environment is inherently 
important.  
 
The Geography of the Western Mediterranean 
 The region included in this research includes portions of the modern day countries 
of Italy, France, Spain, Portugal, Tunisia, Algeria and Morocco. While much of the area 
is the Mediterranean Sea, the study region encompasses over 2.3 billion km2. The 
boundaries of this area were chosen to reflect the known spread of the Impresso-Cardial 
agropastoral spread. The spread of agriculture from Italy to Spain along the 
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Mediterranean coast of North Africa cannot be ruled out due to the lack of archaeological 
research in the area; therefore, this area is also included. All of these countries border the 
coasts surrounding the west Mediterranean. Yet each area has its own unique 
environmental and physiographic conditions that could have inhibited or encouraged the 
spread of early agriculturalists. 
 
Italy 
 The Italian peninsula is largely characterized by its long coastlines and extensive 
relief. The peninsula is bisected North to South by the Apennine mountains. The eastern 
half of the peninsula boarders the Adriatic Sea, while the western coasts borders the 
Tyrrhenian and Ligurian Seas. The Alps form the Northern boundary of the Italian 
peninsula. In total, over 75% of Italy is estimated to be upland – a combination of hilly 
and mountainous – with estimates ranging from 30-40% mountainous (Malone, 2003). 
Numerous rivers flow from the Apennines and drain in either the Adriatic or Tyrrhenian 
seas. These rivers cut through the lowland coastal areas which would have provided the 
most favorable locations for early farmers. The largest area of low relief, however, is the 
Po plain in the north of Italy, which is bordered by the Alps and Apennines. The climate 
of Italy varies from north to south, with the South being much warmer. On the other  
hand, precipitation varies from west to east, with the west coast receiving more rainfall  
(Malone, 2003).  
  Unlike other countries in the west Mediterranean, islands surround the Italian 
peninsula. The largest of these islands are the Islands of Sicily, Corsica and Sardinia 
(Corsica is now controlled politically by France, but is geographically associated with 
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Italy). These islands were settled in the early Neolithic and contain comparable 
conditions to the Italian peninsula. There are also a large number of small islands that 
were settled during this period. The island of Lipari was a major source of obsidian. Most 
of Italy’s islands are located to the west, in the Tyrrhenian Sea. Since these islands were 
largely uninhabited at the onset of the Neolithic, they demonstrate that maritime 
movement to establish new Neolithic colonies must have occurred. 
  
Southern France 
 The Impresso-Cardial spread is only present in southern France along the 
Mediterranean coast. For this reason, only this area of France is included in this study 
area. The southern coast of France is bookended by two major mountain ranges, the Alps 
in the east and the Pyrenees to the west. Essentially, the south coast of France can be 
divided into two halves. The eastern half is largely encompassed by the modern 
administrative region of Provence while the western half encompasses the region of 
Languedoc-Roussilon. Both of these regions are separated by the Rhone river around 
which a number of early Neolithic sites are situated. In essence, the topography of these 
regions is similar to that of Italy. The coast is largely bordered by lowlands that would 
have provided the best locations for agropastoralists, and these coastal regions are 
interlaced with rivers which flow from adjacent uplands to the Mediterranean. The 
climate of the area is consistent with most west Mediterranean weather which is usually 
characterized by warm, dry summers and rainy winters. In some places, precipitation can 
also be affected by local topography and create microclimates for individual regions.  
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Iberia 
 The Iberian Peninsula, which is made up of the modern countries of Spain and 
Portugal, is similar to the study area in Italy and southern France. While much of Iberia 
possesses a Mediterranean climate akin to the aforementioned areas, it is also 
characterized by areas of continental and oceanic climate. The continental climate is 
located inland and associated with the Meseta (see Figure 2.3). The Meseta is a plateau 
that makes up most of the inner area of the Iberian peninsula. The oceanic climate is 
associated with the northern Atlantic coastal area of the peninsula which features the 
Cantabrian mountain range. Unlike the Mediterranean climate in the east, the oceanic 
climate has no substantial dry period. The northern and northwestern area of the 
peninsula (i.e. Galicia and Asturia) may have two -to- three times the amount of annual 
precipitation when compared to the rest of Iberia. In contrast to the Iberian northwest, the 
southeast (i.e. Murcia) receives the lowest amount of rainfall.  
One of the largest river valleys in Iberia is the Ebro valley. The Ebro valley is 
located in northeastern Spain, between the Pyrenees and the Iberian mountain chain. The 
Ebro begins in the Cantabrian mountains and empties into the Mediterranean on the 
eastern coast of Spain. The Jucar and Segura rivers also empty into the Mediterranean 
along the eastern coast of the Peninsula. However, most of the major rivers on the Iberian 
Peninsula do not flow into the Mediterranean. Instead, the Tagus, Douro, Guadiana and 
Guadalquiver river valleys flow westward into the Atlantic Ocean from the Meseta and 
traverse much longer distances. The combination of multiple mountain ranges, the central 
Meseta, the Mediterranean coast, the Atlantic coast and warm air from Africa results in a 
diverse array of ecological zones. 
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North Africa 
 To allow for the possibility of agriculture to spread through Africa instead of, or 
in addition to, southern France, a portion of northern Africa (the Maghreb) is included in 
the research area. Specifically, the Mediterranean coast of the modern day countries of 
Tunisia, Algeria and Morocco are included within this analysis because they lie between 
Sicily and the southern tip of Iberia. Researchers have long noted that the distance from 
Sicily to Tunisia (less than 150km) would not have prevented contact between the 
regions. In fact, the island of Pantelleria lies between Tunisia and Sicily and could have 
been used to split the journey into 100 km and 75 km legs.  
 While North Africa may conjure images of the Saharan desert, the Tunisian, 
Algerian and Moroccan coastlines typify the Mediterranean climate of France, Spain and 
Italy. Precipitation falls mostly in the Spring and Fall. The Mediterranean coast of the 
Maghreb is separated from the arid, Sahran environment of the south by the Atlas 
mountain range. Consequently, the coastal plains and valley of the area are positioned 
between the Mediterranean and a mountain range in a manner similar to the coastlines of 
Italy. Unlike other regions in the research area, the Maghreb is characterized by large 
Wadis that are dry for much of the year.  Today, this Mediterranean coastal region 
provides most of the agricultural products used by the greater region and would have 
provided productive agricultural land for Neolithic farmers as well. 
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The Onset of the Holocene and the 8200 cal BP Climatic Event 
 A connection or correlation has long been recognized between the Pleistocene – 
Holocene transition and the Forager - Farmer transitions across the globe. The long term 
climatic amelioration which signals the beginning of the Holocene is often used to 
explain the adoption and spread of agriculture (Bar-Yosef and Belfer-Cohen, 1989; 
Henry, 1989). Although no direct causal link between these events has been found, most 
researchers do not believe the events are unrelated. During the Pleistocene, much of 
North America and northern Europe were covered by vast glaciers. The onset of the 
Holocene brought wetter, warmer weather which modified the native plant and animal 
communities across Europe. As temperatures warmed around 11,500 cal BP years ago, 
glaciers retreated, sea levels rose and new forest ecosystems took root across Europe 
(Roberts, 1998; Carrión et al., 2010). Between 11,500 and 9,000 cal BP Europe’s 
landscape transformed from a combination of tundra, steppe and coniferous forest to one 
covered with deciduous trees including Birch, Hazel and Elm (Roberts, 1998). With these 
environmental changes, hunter gatherer groups moved their settlement locations and 
adjusted their subsistence strategies in a myriad of ways, some of which may ultimately 
have led to the domestication of plants and animals.  
Of arguably similar importance to human adaptations are less dramatic but still 
environmentally significant short-term weather changes within the Holocene, such as the 
8200 cal BP event. The 8200 event was a period of marked cooler and wetter 
temperatures that occurred for 200 years (Berger and Guilaine, 2009; Fernández López 
de Pablo and Jochim, 2010; Gronenborn, 2009; Pérez and Boscolo, 2010). Mesolithic 
populations in Iberia, France, Italy and the Maghreb could have been affected in various 
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ways by these changes, especially with respect to their occupation of the landscapes 
around them. Researchers have compiled a fair amount of circumstantial evidence 
documenting the ways that Mesolithic groups could have been affected by changes in 
their area. For instance, the climatic change is evidenced in paleoenvironmental records 
from Italy and includes alterations in plant cover that would have been caused by colder 
conditions and even possibly an increase in seasonality (Branch, 2013).  Since Italian 
Mesolithic groups seem to have practiced a subsistence strategy based upon seasonal 
movement, changes to the seasonality in Italy could have had important consequences on 
autochthonous populations. On the other hand, hunter-gatherer subsistence is inherently 
flexible, especially so when located near distinctive environmental conditions. A gap in 
Mesolithic occupation has been identified in Liguria as well (Maggi, 1999). Italian 
archaeologists have also noted a lack of Mesolithic sites along the Adriatic coast of the 
Italian peninsula, which could be connected to climatic pressure and seems to be 
unrelated to any kind of research bias (Biagi, 2003).  In the Ebro valley located in north 
eastern Spain, it has been proposed that settlements show evidence of abandonment at 
8200 BP (González-Sampériz et al., 2009). Gonzalez-Saperiz and colleagues (2009) 
analyzed the radiocarbon record for the region from almost fifty archaeological sites and 
found evidence for an “archaeological silence” in the southeast, or downstream area of 
the Ebro valley. This silence, they believe, corresponds with the 8200 climatic event and 
likely indicates a readjustment of human settlement in the area towards regions with more 
humidity and warmer temperatures. Fernandez and Jochim (2010) also analyzed the 
stratigraphic and chronological record from five sites in Iberia and found evidence for 
site abandonment possibly related to the 8200 climatic event. Moreover, they theorize 
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that the greater emphasis put on aquatic resources by Mesolithic foragers during this time 
is likely a change brought about by the 8200 cal BP event, which may have negatively 
affected the amount of terrestrial mammals such as deer available to them.  Although the 
climatic changes which took place at 8200 may have caused the reshuffling of Mesolithic 
settlements and adaptations, it has been argued that a Mesolithic depopulation may also 
have ensued (Fernández López de Pablo and Gomez Puche, 2009). It is difficult, if not 
impossible, to test between these competing ideas especially since they may have been 
complimentary. We might expect that settlement reorganization and depopulation might 
leave the same archaeological signature in existing settlements – an absence of 
archaeological deposits. Although not conclusively linked to the 8200 climatic event, the 
archaeological record does seem to support the idea that Mesolithic foragers were absent 
or living in very low densities in some areas of Italy, France and Spain (and perhaps also 
Greece, see also Pluciennik, 2008). 
 In contrast to the importance given the 8200 cal BP event awarded by most 
authors, Cortes-Sanchez et al. (2012) argue that this event was the beginning of a much 
longer period of climatic disruption. They compare the paleoecological records from ten 
sites located throughout the western Mediterranean. Their contention is that the 8200 
climatic event actually had a minimal effect, leading to small increases in aridity and only 
a 1°C reduction in overall average temperatures (Cortés Sánchez et al., 2012:227). 
Instead it is argued that the changes that occurred between 7.8 – 7.3 cal BP (increasing 
episodes of aridity) had a more marked effect on indigenous Mesolithic populations and 
upon the movement of Neolithic groups. In light of the increased aridity, depopulation, 
shifts in annual subsistence strategies, or territorial shifts may have occurred.  
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 A final, and important point regarding this climatic transition centers on 
interpreting the 8200 cal BC climatic event in the context of the entire west 
Mediterranean. Bernabeu Aubán et al. (2016) examine the relationship between summed 
calibrated data probability distribution of radiocarbon dates and climatic data from ice 
and sea cores. The authors compare this relationship for different regions of Iberia and 
find that although climactic events surely affected prehistoric demography, the timing 
and extent of the affect varied. This outcome underscores the importance of local 
conditions at the onset of any climatic event which may be complicated by local 
demography, subsistence strategies or prehistoric land use. Therefore, we must expect 
and look for regional diversity in the outcome of major climatic events. 
 
Mapping the Neolithic Environment 
In contrast to the Linnearbandkeramik (LBK) Neolithic expansion in central 
Europe, there is no known correlation between environmental conditions and the 
Impresso-Cardial spread. During 7,000 – 6,000 cal BP, LBK agriculturalists spread along 
the Rhine, Danube and Elbe river valleys (Jochim, 2000). The LBK expansion is 
comparable to the Impresso-Cardial expansion because of its rapid spread and because it 
is believed to have been primarily driven by migration. LBK settlements focus upon loess 
soils, aeolian sediments deposited by glaciers that are known for their high fertility and 
comparative ease of tilling (Hofmann, 2015). However, for the moment no clear 
environmental factors have been identified that correspond to early Neolithic settlements 
in the west Mediterranean.  
 While developed to test alternative Neolithic spread hypotheses, the Cardial 
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Spread Model (CSM) also serves as a platform for testing the relative importance of 
environmental factors upon the spread of the Neolithic in the region. Most conceptual 
models of Neolithic spread predict when and how far to spread, but do not determine and 
exact location. In the CSM, each farmer agent chooses where to move, it evaluates each 
possible new location based upon a land-value assigned to that patch from an imported 
map. As a result, a variety of maps can be input as the deciding factor for an agent’s 
evaluation of the land that surround it. For instance, maps of precipitation, slope, or 
temperature can be compared to one another to test if they produce better results. A total 
of eight maps were created to model environmental factors that may have been important 
to early agriculturalists. The maps created for the simulation consist of a map of slope, 
slope and river locations combined, and index combining slope and annual average 
precipitation, spring precipitation totals, an index representing the best locations for 
growing wheat, a map that incorporates the best locations for growing wheat and rivers as 
beneficial locations to settle and a map that incorporates the best locations for growing 
wheat and rivers as beneficial for transportation. 
 
Sea Level Rise 
 The transition from the Pleistocene to the Holocene 11,000 years ago brought 
with it warm temperatures and the retreat of glaciers. As a result of the dissolution of the 
glaciers, water was released into the world’s oceans and sea levels in the Mediterranean 
rose (Lambeck and Purcell, 2005). Sea level changes since the early Neolithic have 
resulted in the submersion of coastal areas and some islands. These areas may have 
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Ultimately sea level rise may have destroyed or submerged important archaeological 
remains (Binder, 2000). Since the current coastline does not reflect the prehistoric coast, 
it is necessary to recreate the coastline as it would have been during the expansion of 
agriculture in the west Mediterranean for any spatially explicit spread model. 
 At the time of the spread of agriculture in the west Mediterranean, the 
Mediterranean sea would have been between 3- 5 meters lower than it currently is 
(Lambeck and Purcell, 2005). In order to create a model of the coastline at this time, 
bathymetric data (3D representation of the ocean floor) from Natural Earth was added to 
the initial DEM and 5 meters of elevation data from the ocean floor was added to the 
Mediterranean coastline (Figure 3.1). This resulted in the addition of approximately 
56,933 km2 to the study area. Most of the new land takes the form of slight additions to 
the coast. The most notable areas of addition are the intersection of the Rhone river and 
the Mediterranean in southern France as well as the coast of the Po valley in northern 
Italy. The expanded Neolithic coastline was incorporated into all of the maps used in the 
simulation.  
 
Paleoenvironmental Reconstruction 
 To model the ways by which environmental factors like temperature and climate 
may have influenced early agriculturalists, it is necessary to model the paleoclimate 
during the Impresso-Cardial spread. The Holocene brought warmer and wetter weather to 
the Mediterranean before the spread of agriculture, yet temperature and precipitation have 
continued to fluctuate since that time. Clearly, the environmental conditions of 7000-
5000 Cal BP would have varied from the conditions of today. In order to better model the 
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paleoclimate of the period, publically available climatic models from the Paleoclimate 
Modelling Intercomparison Project Phase 3 (PMIP 3) were applied to the west 
Mediterranean study area.  
 The PMIP 3 was created as a way to test climate models against data for past 
climatic conditions (Braconnot et al., 2012). The climatic model used in this process is 
known as the Coupled Model Intercomparison Project Phase 5 (CMIP 5). CMIP 5 is a 
long term climactic simulation which outputs maps of detailed climactic variables in 
decadal increments (Meehl et al., 2009; Taylor et al., 2012). For the purpose of this 
research, the PMIP 3 coordinated experiment for the period six thousand years ago was 
utilized to create maps of the climate during the middle Holocene that agropastoralists in 
the west Mediterranean would have experienced. In order to minimize the effect of 
choosing one year from the climate models, the PMIP data from fifteen years before and 
after 6kya was averaged for for each climactic data type.   
While the data provided by the PMIP 3 includes a useful suite of atmospheric 
variables on a monthly basis that would have affected agropastoralists, these data are only 
available at a coarse resolution (see Figure 3.2). This resolution is appropriate for models 
of the entire earth, yet would likely have led to imprecise maps for the simulation or even 
imprecise results. Also, high resolution climate maps better show the influence of 
topography upon climatic conditions. To refine the coarse resolution output by the PMIP 
3’s simulations, new climactic maps were created with a simple statistical downscaling 
and higher resolution, modern, climactic maps using the GRASS GIS (GRASS 
Development Team, 2016).  
First, the coarse resolution climatic maps from the PMIP 3 were resampled to a 
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higher resolution to match a modern climactic map using the r.resample module in 
GRASS. Next, the modern and prehistoric climactic raster based maps were converted 
into vector maps and the difference between each map was determined. The difference 
between the maps was added to the vector map of modern climactic values and the 
resulting vector map was converted into a raster using the v.surf.bspline module to 
interpolate a raster surface from the points. In effect, the modern map is adjusted to 
account for climactic change while retaining the higher resolution variability of the 
modern climactic map. This process of statistical downscaling was conducted for 
monthly maps of precipitation, average temperature, minimum temperatures and 
maximum temperatures. These climactic maps were then used to create maps of 
prehistoric environmental conditions during the initial spread of the Neolithic in the west 
Mediterranean. 
 
The Slope Map 
 The map of slope is derived from publicly accessible elevation data. The digital 
elevation models (DEMs) are three dimensional renderings of the earth’s surface in 
which each grid cell represents a 90 x 90 meter area and were created by the Shuttle 
Radar Topography Mission (SRTM) (Farr et al., 2007). The SRTM data was imported 
into GRASS GIS and the r.slope.aspect module was used to derive a map of slope based 
upon the elevation map. The resulting map of slope (and all of the following maps) was 
then reprojected from Latitude and Longitude to Lambert’s Equal Area which uses the 
metric system. This reprojection better facilitates subsistence calculations for the agent-
based model. Slope is likely an important factor for Neolithic settlement. Areas of low 
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slope would have been crucial for agricultural fields while areas of high slope would have 
made farming more difficult, a fact which has been documented in Greece (Bevan and 
Conolly, 2011). Consequently, the map of slope was tested alone and in concert with 
other geographical factors. Within the study area, the average slope is 4°, while slope 
values range from 0-60° (Figure 3.3). The agents in the CSM choose land based upon the 
highest value, so slope values were subtracted from 100 to transform low slope values 
into high values and high slope values into lower numbers.    
 
The Spring Precipitation Map 
 Early agriculturalists were dependent upon on rainfall to irrigate crops. In light of 
this, the amount of precipitation available for early Neolithic settlers would have been a 
crucial factor their survival and may have been an important factor in choosing new 
village and farming locations. With this in mind, a spring precipitation map was 
generated to model optimal locations for growing wheat. Wheat and barley made up the 
bulk of early agropastoral subsistence effort and spring precipitation was particularly 
important for the success of Neolithic varieties of wheat. The three most important 
months of precipitation for ancient wheat agriculture are March, April and May.  During 
these months, spring wheat begins its development and the growth of wheat florets occurs. 
If wheat plants receive insufficient precipitation during this period florets do not develop 
fully and yields are greatly reduced (S.A. Gregg, 1988). On the other hand, excessive 
precipitation can lead to root damage and harm wheat plants (Bourke, 1984; S.A. Gregg, 
1988; Palti and Paluden-Muller, 1981). Therefore, spring precipitation is essential to the 
overall growth and eventual yield of spring wheat. Maps of precipitation totals generated 
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from PMIP 3 data for the months of March April and May were summed to create a total 
precipitation map for the spring. The summed spring precipitation map ranges from 2mm 
– 660mm of precipitation while the mean amount of precipitation for the study area is 
189mm.  
Since spring precipitation may be too much or too little, a map with a value from 
0 – 100 was created to reflect how optimal precipitation would have been in a given 
location. Areas with less than 100mm of rain during the spring months would have been 
too dry for wheat agriculture and were incorporated into the map ranging from 0-50 by 
dividing the respective precipitation value in half (e.g. 80 mm of rain would result in a 
value of 40 on the map – see Table 3.1).  Adequate precipitation totals for the spring 
would have ranged between 100-149mm and 301-600mm (Joan Bernabeu Aubán et al., 
2015a; Gregg, 1988; Lersten, 1987). These locations are represented on the maps as 
having a value of 75.  The optimal amount of precipitation for wheat during the spring 
ranges from 150 – 300mm, so these locations are given a value of 100 on the map. There 
were no areas with more than 600mm of precipitation. With these divisions, the optimal, 
adequate and suboptimal precipitation values for spring wheat are transformed into a map 
ranging from 0-100 (See Figure 3.4). 
 
Slope and Annual Average Precipitation Map 
Agropastoralists were dependent upon precipitation to grow crops, for the growth 
of plants eaten by their animals. In fact, precipitation would also have been important for 
wild plants and animals that agropastoralists also used to supplement their domestic food 
sources. While agriculturalists would not have known the exact amount of precipitation 
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that fell in an area, they may have chosen to live in locations that had abundant plants and 
animals resulting from the precipitation that fell in the area.  
The annual average precipitation values are based upon precipitation information 
derived from the process of downscaling of PMIP 3 data as described in the preceding 
section. The average monthly precipitation value was averaged for an entire year (See 
Figure 3.5). Unfortunately, determining how to evaluate these average values is not 
straightforward. High rainfall is beneficial in most cases, but an area may receive too 
much precipitation. In order to approach this issue, areas which were within one standard 
deviation of the mean were valued as more suitable. The mean monthly precipitation 
value for the study area was 56mm and the standard deviation was 26mm (See Figure 
3.6). Therefore, locations that had between 30 and 82 mm of rain were assigned a value 
of 75 and locations with less than 30 mm or more than 82mm were assigned a value of 50. 
This simple division was ultimately chosen in order to derive a representative measure of 
precipitation for an area that agriculturalists may have been able to observe.  
 While one environmental factor may have been of importance to early Neolithic 
settlers, it seems more likely that a variety of factors could have been of importance for 
the determination of where a new village should be founded. For this reason, 
environmental maps that combine multiple environmental factors are integral for 
understanding the settlement dynamics of early agriculturalists. The slope map discussed 
in the previous section and the monthly average precipitation map were combined. The 
maps were added to one another and then the values were divided in half, resulting in a 
map that ranges from values of 0-97. 
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Minimum March Temperature 
 One of the most limiting environmental factors upon wheat yields can be the 
minimum temperature during its early spring growth. It is during this period that the 
highest risk of frost damage exists for spring wheat (Al-Issawi et al., 2013).  The 
importance of this factor lies in its effect upon the initial germination and growth of 
wheat (Al-Issawi et al., 2013; S.A. Gregg, 1988 : 62; Thakur et al., 2010).  If the 
temperature dips below 20° chilling injury may occur to plants while temperature below 
0° C results in more severe effects on plants (Thakur et al., 2010). As the intensity of cold 
stress upon wheat crops increases the likelihood of a productive wheat crop drops.  
Various studies have calculated the loss of yield as ranging from 30-90% (Livingston III 
et al., 2016).  
In order to create an environmental map of this important variable, the map of 
minimum March temperatures was created using the downscaling of paleoclimate data 
from the PMIP 3 project. The modeled minimum March temperature values range from -
16 – 17°C (see Figure 3.7).  In general, coastal areas seem to have warmer temperatures 
while the most extremely cold values come from mountainous areas. If the minimum 
March temperature is below 0°C, the map reflects a value of 0; a value of 50 for 
temperatures of 0°C and 1°C, a value of 75 for 2-4°C and areas with 5°C and greater a 
value of 100 (See Table 3.1). 
 
Best Locations for Wheat Agriculture Map 
 The Neolithic spread in the west Mediterranean is characterized by a new 
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subsistence strategy that emphasizes domestic plants and animals. Wheat and barley 
make up a large share of the domesticated plants while sheep, goat and some cattle make 
up the animal component. Four wheat varieties (Triticum monococcum, Triticum 
dicoccum, Triticum aestivum and Triticum dioccum) are found associated with early 
Neolithic sites and wheat especially dominates Impresso-Cardial sites (Pena-Chocarro et 
al., 2013). When compared to barley, wheat is much more sensitive to climate parameters 
and overall requires a smaller amount of precipitation (Bourke, 1984; Zapata et al., 2004). 
Due to its popularity in the Neolithic and its somewhat limiting environmental criteria it 
seems reasonable to assume that Impresso-Cardial Neolithic villages may have been 
founded with the growing conditions of wheat in mind.  
 Previous studies have underscored the importance of environmental conditions for 
the yield of wheat (Bourke, 1984; S.A. Gregg, 1988; Livingston III et al., 2016). A map 
of best locations for wheat was based upon the integration of four environmental maps 
thought to be influential in the successful growth and yield of wheat. These four maps 
include a map of slope, a map of spring precipitation, a map of minimum temperature in 
March and a map of Maximum spring temperature. The maps of slope, spring 
precipitation and minimum March temperature as well as their importance to wheat 
agriculture have been discussed previously. To incorporate maps of slope, temperature 
and precipitation the maps are converted into relative values ranging from 0-100. 
 Wheat production is also affected by the maximum temperatures that occur 
throughout the growing season. Spring maximum temperatures less than 18°C and 
greater than 30°C are both too cold and too hot and a value of 0 is used for locations 
experiencing these climate extremes in the map (See Table 3.1). Maximum spring 
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temperatures ranging from 18 – 24°C are valued as 100 on the map since this is the most 
desirable range for wheat while maximum temperatures greater than 24°C and less than 
30°C are slightly less desirable and valued as 75 in the map (Wardlaw et al., 1989). 
 As a consequence of all of the preceding transformations, four environmental 
maps were created with relative values ranging from 0-100. The values represent how 
advantageous a location would have been for a given environmental factor. Finally, the 
four maps were combined (creating a map that has values from 0-400) and divided by 
four to create a final map that ranges from 0-100. Values on the final map range from 33-
99 and the average value is 80 (see Figure 3.8).   
 
The River Maps 
 The importance of rivers to Neolithic settlement patterns has long been a source 
of interest for archaeologists. The importance of waterways in the spread of agriculture 
across Europe has been supported by the modeling work of Davison and colleagues 
(2006). More specifically, the LBK expansion in central Europe is also associated with 
major rivers. The association of rivers with agricultural migration may be related to the 
ease of transport along waterways, associated soils or both factors may be important. 
Major river location data from Natural Earth (2016) was used to make two different types 
of river maps. For the first map, river locations were exported with the same null value as 
oceans. This step was taken with a slope map and a map of west wheat locations. In the 
simulation, Farmer agents which intend to spread by way of maritime movement evaluate 
coastal locations within range of their current location. Since rivers have the same value 
as oceans, the land bordering rivers is also classified as coastal. In the simulation, this had 
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the effect of making rivers useful for traveling longer distances in spread scenarios that 
included maritime movement.  
The second river map was created to model the possibility of better soils in 
association with rivers (See Figure 3.9). Areas in which rivers were present were given a 
25% land-value increase effectively making the areas surrounding rivers more desirable 
for farmer agents. This procedure was used in conjunction with the best wheat locations 
map. 
 
Conclusion 
 The geographical and environmental conditions in the west Mediterranean study 
area are clearly important to the spread of agriculture. The wide array of mountain ranges, 
coasts and rivers would have played a role in the direction and speed of agricultural 
spread and would have created barriers for movement that may have limited the types of 
sustainable subsistence that could have been practiced. This is not to say that 
environmental and physiographic conditions can explain the motivations that prompted 
the spread of agriculture. Environment always plays a role in human prehistory, but its 
importance fluctuates. Environmental and geographic conditions may have served as 
crucial determinants in the spread of agriculture but this cannot be assumed and should 
instead be tested.  
A wide range of paleoenvironmental maps were constructed in order to highlight 
specific features of the environment that may have played a role in the location of 
settlements founded by agropastoral groups. Areas of low slope would have been 
important locations upon which to grow crops. Adequate precipitation and appropriate 
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minimum and maximum temperatures would also have been crucial for growing wheat 
and other domestic plants. Rivers may have acted as conduits for travel or may have been 
associated with better soil qualities. Yet there are other conditions that may have been 
more important. Early agriculturalists may have favored locations that could be easily 
cleared or they may have been interested in avoiding indigenous Mesolithic groups. 
Likewise, agriculturalists may have chosen land based upon a complex interplay of 
factors that changed through time and space. Nevertheless, these environmental maps 
represent critical factors to early agricultural life and their importance to the timing and 
spread of early agriculture can be tested in association with specific models of 
agropastoral spread. 
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Figure 3.2. The initial resolution of precipitation data from the PMIP 3 project before the 
processing conducted in this project. 
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Table 3.1.  A list of paleoenvironmental maps and the factors used in their creation. 
MAP	TYPE	 FORMULATION	INFORMATION	
Slope	 Created	using	the	r.slope.aspect	module	in	GRASS	GIS	from	90m	x	90m	
SRTM	data.		
Slope	Map		=	100	-	Actual	Slope		(	this	creates	a	value	from	100	-	0	to	rank	
low	slopes	higher)	
Spring	
Precipitation	
Sum	
Created	from	PMIP	3	data.		
Spring	Precipitation	=	March	Precip	+	April	Precip	+	May	Precip	
Slope	&	Annual		
Average	
Precipitation	
The	annual	average	precipitation	is	calculated	from	PMIP	3.		Annual	
Average	Precipitation	=	(January	Precip	Total	+	February	Precip	Total	+	…	
December	Precip	Total)	/	12		
Reclassified	Annual	Average	Precipitation	=	if	map	value	lies	between	𝜇	-	𝞂	and	 	+	𝞂	then	map	value	=	75,	else	map	value	is	50.		
Slope	&	Annual	Avg	Precipitation	Map	=	(Slope	Map	+	Reclassified	Annual	
Average	Precipitation)	/	2	
Minimum	
March	
Temperature	
Initial	temperature	values	created	from	PMIP	3	data.		
Reclassified	the	Map:		if	map	<	0	then	map	=	0;	if	map	=	0		or	map	=	1	then	
map	=	50;	if	map	=	2-4	then	map	=	75;	and	if	map	>	4	then	map	=	100	
Best	Wheat	
Locations	
This	map	combines	four	maps,	a	slope	map,	a	spring	precipitation	map,	
the	minimum	March	temperature	map	and	a	map	of	spring	maximum	
temperature.	The	Maximum	Spring	temperature	map	was	created	from	
PMIP	3	data.		
Reclassified	Spring	Max	Temp	Map:	if	map	<	18	or	map	>	30	then	the	map	
value	is	0;	if	map	is	18-24	the	map	value	is	100;	and	if	the	map	is	25-30	
then	the	mapvalue	is	75.		
Best	Wheat	Locations	Map	=	(Slope	Map	+	Spring	Precip	Map	+	Min	March	
Temp	+	Max	Spring	Temp)	/	4	
Slope	&	Rivers	 Slope	and	Rivers	Map	=	Slope	Map	and	if	a	river	is	present	then	that	
location	=	Null()	
Best	Wheat	&	
Rivers	Nulled	
Best	Wheat	and	Rivers	Nulled	=	Best	Wheat	Map	and	if	a	river	is	present	
then	that	location	=	Null()	
Best	Wheat	&	
Rivers	
Best	Wheat	and	Rivers	=	Best	Wheat	+	25	(if	a	river	is	present)	
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Chapter 4: Modeling the Spread of Agriculture 
 
In order to explain the spread of agropastoral subsistence across the west 
Mediterranean, an assortment of conceptual models has been proposed. The models all 
attempt to wrestle with one critical distinction – were people or agricultural goods 
spreading to new places. Put another way, most models for the spread of agriculture 
emphasize the importance of agricultural adoption by indigenous population (diffusion) 
or emphasize the primacy of migrating agriculturalists in the overall spread of agriculture 
(demic). This question is linked to the fundamental mechanisms and factors that were 
responsible for neolithization. Currently, most archaeologists ascribe at least some 
importance to the migration of farmers for the spread of the Neolithic in the west 
Mediterranean because of the speed of the Impresso-Cardial spread and the location of 
early agropastoral villages along the coast. When examined chronologically, each model 
and the archaeological consensus has oscillated from migrationist to indigenist 
explanations. By this token, each conceptual model is in part a reaction to the model that 
preceded it and although they may take an opposing viewpoint usually build upon one 
another. These intellectual trends can be distilled into four influential models that have 
been proposed for the spread of agriculture in the west Mediterranean and are applicable 
to the circumstances of the Impresso-Cardial spread. 
 
The Wave of Advance Model 
Ammerman and Cavalli-Sforza’s (1971, 1973, 1984) seminal work on demic 
diffusion was the first to quantitatively investigate the migrationist perspective. The use 
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of a mathematical model was an attempt to make the assumptions of their model explicit 
and build a formal model that would enable them to test their hypotheses (1984:67) – a 
point stressed often in recent articles – but largely absent from archaeological models 
until recently (Bankes et al., 2002; Miller and Page, 2007; Joan Bernabeu Aubán et al., 
2015b). 
The authors first compared the dates of Neolithic sites across all of Europe to the 
distance of each site from a central domestication location (modeled as the site of 
Jericho). A regression line was plotted for distance against time and from this regression, 
the authors estimate an annual expansion rate of 1 km per year for the advancement of 
agriculture across Europe from the Near East (1973). Next they test the observed rate of 
spread with a mathematical model parameterized by demographic and migratory 
distances derived from ethnographic research (1984:81). Subsequent research by Gkiasta 
et. al (2003) and Pinhasi et. al (2000, 2005) into the rate of agropastoral expansion across 
Europe with an updated radiocarbon database has supported their initial results.  
Initially, this exercise was undertaken to better understand the spread of 
agriculture by assessing whether the rate of spread increased or decreased through time or 
was variable in space relative to the near east. The authors also used this approach to 
compare the speed of agricultural spread in areas around Europe and noted that the speed 
of spread was slowest in the Balkans and fastest in the west Mediterranean (1984:58). In 
fact, Ammerman and Cavalli-Sforza’s analysis indicated that the rate of spread for the 
western Mediterranean was actually five times the rate predicted by their model for all of 
Europe, suggesting that processes governing the spread of agriculture in the west 
Mediterranean may differ from processes occurring in the rest of Europe. With these 
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regionally differences in mind, Ammerman and Cavalli-Sforza also used a GIS to create a 
map with chronological isochrones to depict the spread of the Neolithic across Europe.  
With these characterizations of agropastoral spread in mind, Ammerman and 
Cavalli-Sforza reasoned that concomitant increases in population which usually correlate 
with the advent of agriculture were an important factor.  The authors argue that 
agropastoral subsistence systems provide a reproductive benefit to their practitioners, 
especially when compared to the hunter-gatherer subsistence practiced by indigenous 
groups (1984:64). The increase in birth rate for an agropastoral village decreases the time 
it takes for those individuals to reproduce and consequently decreases the time it takes for 
a village to reach the location’s carrying capacity. The resulting population pressure upon 
the agropastoral village leads to geographic expansion as the group fissions, and new 
agropastoral villages are established. Consequently, indigenous Mesolithic groups are 
displaced as Neolithic groups usurp their territory or even intermarry with local 
Mesolithic populations (1973:687).  
The small scale multiplication of villages, leads to a macro-scale pattern best 
described as an outward wave of new settlements, which increases in geographic area as 
it extends outwards. This type of wave was first described by Fisher (1937) in the context 
of explaining the spread of beneficial genes. Fisher’s model assumes a logistic growth for 
a population and expansion in a random direction as each area reaches saturation. 
Likewise, in this formulation, the wave of advance model suggests that agriculture spread 
through frequent, short distance, settlement movement and implies a slow, steady rate of 
spread in a radial pattern (1984:62). According to Ammerman and Cavalli-Sforza, the 
growth in their wave of advance model would also have been logistical, consequently as 
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populations were unable to sustain more growth their rate of increase would go down. In 
practical terms, this implies that the population rate in agropastoral villages is expected to 
decrease to a lower rate, once there is no more empty land for villages to expand to. 
Finally, Ammerman and Cavalli-Sforza compare the predictions of their wave of 
advance model to patterns visible in genetic data for the Rh- gene. A spatial examination 
of the Rh- frequency shows that it becomes less common as one moves from the near east 
to northwestern Europe. In light of this correlation, the authors suggest that the 
introduction of new genes from southwest Asia may have occurred in concert with the 
introduction of domestic plants and animals by migrants from southwest Asia.  
 
The Capillary Model 
 The first conceptual model to credit autochthonous people as the first farmers for 
the west Mediterranean was first introduced by James Lewthwaite and is referred to as 
the Island Filter Model (1986). This model attempts to apply biogeographic theory first 
used on islands to explain the distribution of farmers and technology in the west 
Mediterranean. Explained simply, islands tend to limit certain species from growing large 
or prevent them from persisting and the resulting biogeography is affected by the size of 
the island and frequency of contact with the mainland. Lewthwaite uses this theoretical 
backdrop to explain the spread of artifacts in France along the Mediterranean coast. 
Lewthwaite suggests that the initial distribution of agropastoral technology and domestic 
plants and animals were passed selectively to southern France as a result of diffusion 
through the islands of Corsica and Sardinia. For instance, the filter effect from these 
islands may have led to the three distinct types of Impressed ceramics found along the 
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French Mediterranean coast (Lewthwaite, 1986: 62).  
In contrast to demic models of agricultural spread, the Insular Filter model 
envisions the benefit of increased fecundity and high population rates as a later, after 
effect of agricultural adoption. Instead, domestic plants and animals spread and were 
adopted slowly as a response to food uncertainty. The Island Filter model was proposed 
in part to explain the presence of domestic ovicaprids at the sites of Grotte Gazel and 
Dourgne (D. S. Geddes, 1985). Thereafter archaeologists have come to recognize that 
those remains are likely from wild species – which may explain why the Island Filter 
model failed to gain popularity with many researchers. Additionally, the model is 
effective at explaining the presence of disparate Neolithic trajectories in southern France, 
but isn’t applicable to the Iberian peninsula.  
Although the speed of the spread of agriculture is often used to bolster the 
importance of migration in the spread of agriculture, Vicent Garcia (1997) suggests that 
the incredible speed with which the Neolithic way of life disseminated across the west 
Mediterranean can only be explained by diffusion between preexisting indigenous groups. 
To explain this diffusion, the Island Filter model was adapted by Vicent Garcia as the 
basis for the capillary diffusion model (Vicent Garcia, 1997). The capillary model 
focuses upon the idea that agropastoral systems and materials were passed between 
complex hunter gatherers along well established social networks. In this explanation, the 
techniques and ideas of the Neolithic may have spread through the exchange of goods or 
social interaction such as marriage, political alliances or competition (1997: 7). The speed, 
direction and extent of the spread of the Neolithic package is consequently dependent 
upon the networks that connected the region’s original inhabitants and the capacity of a 
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node within a network to move goods is referred to as its conductivity (1997: 7). Vicent 
Garcia reasons that the flow of domesticates would have been isotropic (meaning that it 
could spread in all directions) and only affected by social barriers such as ethnicity or 
geographical factors (in essence the filter effect of the Island Filter model). Consequently, 
the conductivity between all of the groups should remain the same while differences in 
spread will result from the boundaries mentioned above. According to this formulation of 
the capillary model, migration and demographic change had no effect upon the spread 
and population rates may only have increased after agriculture had become well 
established. 
 
The Maritime Pioneer Colonization Model 
 One of the most striking features about the Neolithic in the west Mediterranean is 
the apparent speed it travels from Italy to the Atlantic coast of the Iberian peninsula. 
While new radiocarbon dates continue to skew the time it took for agropastoralists to 
move this vast distance earlier, the speed of this spread has always made it unique. The 
Maritime Pioneer Colonization Model (henceforth MPC) was proposed by João Zilhão 
(Zilhão, 1993, 1997, 1998, 2000, 2001) to account for the speed by which the Neolithic 
package spread and the distinct Neolithic and Mesolithic settlements found in Portugal.  
 The radiocarbon evidence for the Impresso Cardial spread has been largely 
gathered from caves and unfortunately some of these dates may come from mixed 
contexts, or be the result of bulk charcoal samples.  While it may be taken for granted 
that some mixing occurs in cave deposits, Bernabeu et al. (2001) have demonstrated 
mixing of fauna from carnivores and humans at the cave sites of Nerja, Cendres and 
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Cocina. Bulk charcoal dates can easily be skewed by the inclusion of old wood and has 
been demonstrated for the site of Cova de les Cendres (Bernabeu Aubán et al., 1999). In 
an effort to understand the chronology of the Impresso Cardial spread without biased 
dates, Zilhão focuses on dates from short lived species with low standard deviations and 
concludes that after its arrival in Italy, the appearance of agriculture is almost 
instantaneous throughout southern France and Iberia (1993). More specifically, the 
neolithization of the region may have occurred in 100-200 years and spread at a rate of 
10-20km a year (Zilhão, 2001: 14184).  
This rate of spread, contends Zilhão, is higher than traditionally thought possible 
based on simple demic spread as suggested by the wave of advance model. Additionally, 
Zilhão believes that hunter-gatherer adoption of agriculture would have been slow or in 
some cases did not occur. Archaeological evidence from the Estremedura region shows 
contemporaneous Cardial agropastoral and Mesolithic hunter-gatherer settlements which 
suggests two different populations dependent on different subsistence strategies (Zilhão, 
1997). Excavations have revealed that these two populations lived in proximity to one 
another for several centuries and continued to use different material culture (ceramics and 
stone tools); moreover, skeletal remains from the sites were found to have distinct 
isotopic signatures reflecting different subsistence strategies (Zilhão, 2000). 
Consequently, it seems that agricultural enclaves were founded in an area unappealing 
and uninhabited by Mesolithic groups and this progression forms the basis of the MPC. 
A final piece of evidence used to support this model is the geographical 
distribution of early Neolithic sites.  It has long been accepted that Impresso Cardial 
Neolithic sites occur earlier in coastal areas. While the geography of the Italian peninsula 
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could have favored Neolithic occupations along the coast, early Neolithic sites are found 
first along the coasts of France, Iberia and the Maghreb and the penetration of 
agropastoral systems from the coast occurs much later (Fernández López de Pablo and 
Gomez Puche, 2009; Zilhão, 2011). The location of early Neolithic sites and rapid spread 
combined with the presence of regions devoid of early Neolithic settlements implies that 
early agriculturalists may have used sea travel along the Mediterranean to move and 
found new settlements. Sea travel is well documented from pre-Neolithic contexts across 
the Mediterranean as well as being associated with Neolithic expansion in other Neolithic 
contexts (Ammerman, 2010; Broodbank, 2006).  
The Maritime Pioneer Colonization model emphasizes the importance of sea-
faring agropastoral groups for the spread of the Impresso Cardial Neolithic. In this 
scenario, agricultural groups spread from existing villages over great distances using 
maritime travel routes. This nautical spread would have avoided the territory of existing 
Mesolithic groups while using coastal travel to identify new locations to eventually 
spread to favorable settlements. The frequency of these movements would have to be so 
quick as to preclude population pressure as a reason for the founding of new settlements 
(2001). According to Zilhão , the triggers for the founding of new settlements must 
therefore be “purely historical” (2001: 14185). 
 
The Dual Interaction Model 
 Unlike the other models that have been suggested for the spread of the Neolithic 
in the west Mediterranean, the Dual model attempts to bring together some of the ideas of 
both migrationists and indigenists. The dual model is a complimentary model of 
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agropastoral expansion to the MPC model and the Capillary Model and was first 
advanced by Bernabeu Aubán (Bernabeu Aubán, 1996, 1997, 1999, 2002). The model 
was intended to bridge the theoretical gap between forager adoption and farmer migration 
as well as to address the complexity that would have occurred as agriculturalists and 
hunter-gatherers interacted. Likewise, this model attempts to utilize both theoretical 
perspectives in an effort to address the different processes that occurred in the expansion 
of the Neolithic in different locals throughout the west Mediterranean in a complimentary 
manner. This hypothesis contends that the agropastoral way of life spread through three 
mechanisms working in concert: Colonization, Direct Neolithization and Indirect 
Neolithization. 
 Similar to the Wave of Advance model, the colonization component of the Dual 
model is driven by the expansion of people that already practiced agriculture. The 
expansion of these groups would have been driven by a continual increase in population 
and the resulting need for more arable land. On the other hand, existing populations may 
also have needed to expand into new areas in the search for better land as their returns 
diminished. Colonization, therefore, is driven by population and diminishing returns. 
Emigrating agropastoralists would have chosen their destination based upon the 
favorability of a given location maximizing the best soils, choosing areas with high 
precipitation (Bernabeu Aubán, 1997: 13). In concordance with the Wave of Advance 
and the MPC model, the route or method of Colonization may have been by a wave like 
process in which new villages are founded in nearby locations or migrating farmers may 
have used water travel to move long distances from their villages focusing upon the best 
available land (Bernabeu Aubán, 1999). 
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 Direct neolithization would have occurred as a result of the interaction of 
indigenous hunter-gatherers and immigrant agropastoralists. The type of interaction 
(occasional trade, exogamy, or mutualism) and the speed with which groups native to an 
area would have adopted new subsistence practices and new forms of material culture 
would have been highly variable dependent on a host of historically contingent factors. 
The speed neolithization or agropastoral adoption occurred has large consequences for 
the overall spread of agriculture. To compound the impact of this difficult to determine 
factor is that it effects the speed of the subsequent process, termed Indirect Neolithization. 
 Indirect neolithization as described by Bernabeu Aubán, is much like the 
diffusionary processes described by Lewthwaite (1986) and Vicent Garcia (1997).  In this 
submodel, agropastoral goods and practices spread from newly transitioned hunter-
gatherer bands to other groups linked within their preexisting social networks. Like the 
Capillary model, the Neolithic way of life need not spread as one complete package but 
may have spread in pieces that indigenous groups found useful. Again, the speed of 
adoption as well as the hunter gatherer network scale and distance makes this process 
difficult to detect archaeologically. 
 Although the Dual model possesses many unknowable parameters, Bernabeu 
Aubán was able to compare the expectations of the Dual Model to the archaeological 
record from the Iberian peninsula. Bernabeu Aubán suggests that a comparison of 
economic, technological and settlement discontinuities will correspond to the three stages 
of the Dual Model (1997: 4). A thorough analysis of these factors from sites in eastern 
Iberia, leads Bernabeu Aubán to conclude that the current evidence fits the predictions of 
the Dual Model and implies a rapid diffusion of technological elements and a comparably 
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slower diffusion of agropastoral resources (1997: 14). 
 
Evaluating Archaeological Models 
 Explaining the spread of agriculture across such a wide area as Western Europe, 
or even just the West Mediterranean, is no small task. Not only must a large number of 
sites and archaeological evidence be accounted for, but archaeologists must explain what 
must have been very diverse and complex behaviors which have few modern analogs. 
Although these models are in some senses quite general, the ultimate goal of all of these 
models was to provide a series of testable conditions for future archaeological research 
and help evaluate which models better fit the empirical record. In accordance with the 
scientific method, archaeologists should be able to dismiss or build upon these 
hypothetical models to narrow in on the specifics of prehistoric neolithization. Yet, this 
scientific aspiration has been difficult to achieve and the aforementioned hypothetical 
models have received very little testing (although see Robb and van Hove, 2003 for a GIS 
test of the Wave of Advance model). Overall, these important models for the Cardial 
Neolithic spread have avoided testing because they focus upon large, complex prehistoric 
processes which are difficult to address with the current archaeological record.   
 Traditional archaeological research has always focused upon the excavation of 
unique sites. Site excavations have yielded a wealth of chronological information and 
aided in the recognition of techno-cultural patterns across time and space (e.g. Cardial 
Ware). Yet the development of ceramic and lithic typologies has limited utility for 
explaining or evaluating the spread of agriculture. Simply put, as we establish 
connections between sites via their material culture, we are no closer to explaining if that 
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material culture moved via trade or with the people that made it. Even when site level 
finds such as changes in rock art styles in eastern Spain hint at the processes that produce 
them (Bernabeu Aubán, 1999),  it is problematic at best to extrapolate these local 
processes to the complex and large scale processes encompassing the west Mediterranean. 
Moreover, regrettably few research efforts have focused upon the early Neolithic across 
space. Only a handful of archaeological surveys have been conducted in the west 
Mediterranean and it is unlikely that we will ever have a full chronological and spatial 
dataset. Simply put, it is problematic to make inferences from this sparse dataset to 
reconstruct the complex prehistoric processes that occurred. 
A further illustration of the limits placed upon the evaluation of these models is 
the lack, and in some places absence, of evidence of autochthonous populations. A key 
component of all of the models of the spread of the Neolithic involves the role of 
indigenous people in that spread. Not only is it unclear how foragers and farmers 
interacted, it is unclear how many foragers may have been present or how well connected 
they were with one another. These factors would have a major influence upon the 
acceptance or rejection of the four Cardial Neolithic spread models. Yet these limitations 
do no imply that archaeologists should only ask locally based research questions or that 
they should not attempt to evaluate the large scale processes outlined by the 
aforementioned conceptual models of Neolithic spread.  In order to better address large 
scale prehistoric questions and move past the data problems stemming from the 
archaeological record, archaeologists have turned to the Complex Adaptive Systems 
approach and the use of computational modeling. 
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Complex Adaptive Systems 
 The complex adaptive systems (CAS) approach presents new insights for the 
study of human complexity due to its emphasis on the interaction of nested systems 
(Miller and Page, 2007; Mitchell, 2009). Complex systems are composed of systems 
enclosed within systems – as the number of systems nested within one another increases 
so does the complexity. Complex systems are said to be adaptive when they possess the 
ability to change and react to external circumstances. Often, the human body is used to 
explain complex systems because it is made up of many subsystems – be it the lungs, 
heart or brain – which are also composed of systems at the cellular level (Barton, 2013; 
Bernabeu Aubán et al., 2012; Holland, 1992).  
Often CAS have characteristics or effects that result from the summation of 
behaviors or processes, this property is called emergence. Emergence can be thought of 
as the aggregation of behavior by components into a novel system level behavior(Barton, 
2013:4). Emergence in a CAS is in part a result from their capacity to process and transmit 
information (Barton, 2013; Railsback and Grimm, 2011). One of the most well studied 
and illustrative examples of a CAS comes from Steve Lansing’s work on irrigation 
systems in Bali (Lansing et al., 1998, 2009). Lansing and colleagues describe the 
construction and management of canal irrigation systems for rice in Bali. Cooperation 
between individual farmers aided in the construction and management of the system at 
the local level which in turn gave rise to a large irrigation system that was not 
hierarchically managed (Lansing et al., 2009). This underscores an additional important 
characteristic of a CAS, that it be self organizing (Barton, 2013; Bentley, 2003). When 
faced with an issue, CAS are able to adapt in order to negate or minimize the effect of a 
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problem. They adapt based upon the decisions of their subsystems. For instance, in the 
case of the Balinese irrigation network, farmers react best to water or pest issues on their 
own (Lansing et al., 2009). 
Due to its emphasis upon adaptation and emergence the CAS approach provides a 
useful perspective for understanding the relationship between individuals and institutions 
as well as the intersection of human and social systems with the environment around 
them (Bentley, 2003). Put simply, a CAS perspective is extremely useful for 
understanding human and environment interactions. The CAS approach also seems well 
suited to archaeological application because of its reliance upon the actions of individuals 
or basic social components in the motivation of large scale events. History and prehistory 
are full of unexplained large scale events which archaeologists are often forced to explain 
from evidence that is “disorganized, fragmentary, and often (a) chaotic jumble of bits of 
objects produced by many different actors over long periods of time” (Barton, 2013: 310). 
Consider trying to explain the spread of agriculture across riverine Europe during the 
LBK period from the archaeological record of individual farming settlements. It is likely 
that the social and economic choices of each household are only oriented towards local 
issues, yet the net effect of these choices resulted in a widespread dispersal across central 
Europe of similar material culture and economic strategies (Bogucki, 2003). In fact the 
LBK expansion was probably not so simple, since the patterns of LBK settlement in the 
area were also undoubtedly effected by the indigenous groups and their interactions. The 
CAS approach then, encourages a bottom up perspective with its emphasis upon the role 
of low level entities in the formation and maintenance of the system as a whole. 
The Complex Adaptive Systems perspective is also a useful perspective for 
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archaeologists because of its emphasis on the interaction of systems. Human systems 
nested within other human systems are crucial, yet groups are also entwined within 
important non-human systems (Bentley and Maschner, 2003). A list of such systems 
might include predator prey dynamics, soil formation and erosion, hydrological systems, 
or even global systems such as the Carbon cycle. It almost seems possible to scale the 
CAS perspective infinitely, since most systems interact with and are affected by other 
systems. This seemingly raises a problem: the nature of complex systems makes it far 
from simple to analyze them. In order to grapple with the complexity of complex 
adaptive systems, researchers have turned to computer simulations.  
 
Computational Modeling 
 Given the boom in computational processing and data storage over the last decade, 
as well as the overall availability of increasingly powerful computers, it is tempting to 
assume that archaeological methods using computers have all been developed recently. In 
fact, computational modeling or simulation as it was first called, has been a known 
archaeological research method since the 1970’s, a time when few computers were 
available to researchers (and even earlier in other disciplines e.g. Hägerstrand, 1965). 
James Doran (1970) is credited with the first introduction of simulation as an 
archaeological tool and outlined the approaches which are still central to computational 
modeling today in an article entitled Systems Theory, Computer Simulations and 
Archaeology. As the title suggests, the article was concerned with the application and 
study of systems theory using computer simulations as a tool for understanding systems. 
Although not identical bodies of theory, systems theory is a precursor to the CAS 
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approach and specifically seeks to identify a system that interacts with and is affected by 
the environment, characterized by multiple states and “typically very complex and only 
partially observable” (Doran, 1970: 291).  Doran then outlines a hypothetical scenario 
which mirrors many of the simulations later created by archaeologists describing an 
island settled by a new group of people and the absorption of the indigenous population 
(1970: 296).  He also includes environmental and subsistence factors in this simulation 
which would record the locations of sites as the simulation ran and the material that 
might be expected to survive. While outlined over 40 years ago, this hypothetical 
simulation is not all that different than those currently being developed today. Since that 
time, Simulation modeling has enjoyed several waves of popularity in the 1980’s and 
1990’s (Costopoulos et al., 2010; Lake, 2014).  
 Computational modeling or simulation modeling is the practice of writing and 
utilizing a computer program to realize a model. A model “represent(s) some facet of the 
real world as a set of variables linked by mathematical or logical conditions and which 
are studied by repeatedly replacing those variables with numbers until some specified 
conditions are met” (Lake, 2014: 259). The benefits of and reasons for using simulation 
have been apparent since its introduction to archaeology (Doran, 1970) and most of the 
reasons ultimately reflect a desire to make the archaeological process more scientific.  
The development of a computational simulation from a conceptual model forces 
researchers to better outline their model and make specific the assumptions of a model in 
a way that describing a model with prose does not.  “It forces all of us to make explicit 
the many notions we have always vaguely held to be true” (Kohler et al., 2000: 15).  As 
Kohler points out, the process of making a model into a computer simulation obligates 
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archaeologists to examine the details of a model that are often overlooked and make them 
explicit to other archaeologists as well as to themselves. This type of transparency is an 
important component of the scientific process and allows researchers to question one 
another and perhaps more importantly, build upon one another’s ideas. “How useful such 
modeling will actually be in archaeology is, of course, a matter for experimentation, but 
if nothing else the attempt to create computer simulations will certainly encourage that 
clarity, precision, and objectivity of thought which so many are seeking” (Doran, 1970: 
298).  
A crucial component of the scientific method is the replication of previous 
experiments to ensure that the observed results are not in error or are not the result of 
chance. While some components of archaeological analysis can be replicated (for 
instance a study of ceramic characteristics) the essential act of archaeological research, 
archaeological excavation, cannot be replicated. Once a site has been excavated, no one 
can replace the dirt and artifacts so that the excavation can be conducted once again and 
this will always be the case. By the same token, although artifact analyses can be 
undertaken a second time the amount of time this can take makes this a rare occurrence. 
In light of these problems, computational modeling can enable archaeologists to be more 
scientific since computational models can be repeated and replicated. The use of 
computational models supports the accurate dissemination of research methods and more 
specifically, aides in the ability of researchers to replicate earlier work. Simulations allow 
for scientists to conduct the same experiment over and over again to assess the 
uncertainty in their results and to observe the simulation from different perspectives 
(Miller and Page, 2007: 86). While not all researchers using social simulation have 
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provided the code from their simulations to other researchers, simulation repositories like 
the CoMSES model library have been developed to facilitate the preservation and 
distribution of simulations to other researchers (Janssen et al., 2008; Rollins et al., 2014). 
Consequently, simulation models can be reexamined with future work or built upon for 
the development of new models.  
 Critics of computational modeling often take issue with the precision that it forces 
upon conceptual models. The argument asserts that the large number of unknowable 
things about the past – be it demography, environmental conditions, social connections 
etc. – makes simulation meaningless. Critics argue that simulations attempt to recreate 
the past and there are too many unknowable aspects of the past. The large number of 
missing details results in a large number of potential errors and a model that cannot be 
proven true or false. If a simulation is intended to be an exact replication of the past, then 
the critics are correct. Yet it can be argued that simulation can be used beneficially to 
understand unknown details or initial model states (Kohler et al., 2000). Consider a 
hypothetical model of forager mobility in which foragers move residence camps to gain 
more food. Obviously the number of people is of great importance to such a model as is 
the type and quantity of food (and probably a few dozen other variables). Since the exact 
values of these variables are unclear from the archaeological record, the simulation can 
be used to test the effect of all of these variables upon the settlement pattern. If the 
replication of an archaeological dataset of forager mobility is a goal, simulations can be 
run to identify which combination(s) of variables result in a pattern similar to the 
observed pattern. The simulation will not identify the correct answer, but will allow 
researchers to observe which combinations of model parameters are or are not likely to 
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have produced the observed pattern. In essence, simulations allow archaeologists to 
identify what models don’t work which is as important to out understanding as 
identifying one that does. Computational models are in fact well suited to archaeological 
analysis since they allow the study of parameters by reflection upon a model’s results and 
multiple combinations of parameters can be tested to find what combinations of variables 
result in the observed phenomena.  
 
Computer Simulation in Archaeology 
In archaeology, computational models have been categorized into one of three 
categories: methodological, theory building or hypothesis testing (Mithen, 1994; Lake, 
2010, 2014).  While the models that have been developed by archaeologists occasionally 
blur within this schema, they are useful categories from which to survey computational 
models in archaeology. 
 Computational modeling in archaeology has been used to test new or existing 
archaeological methods and seems to be the least common of the three approaches. The 
most well known example of such a program was ABSIM whose purpose was to simulate 
the use-life of tools for various functions and use multivariate statistical techniques to try 
and identify the simulated use of those tools (Aldenderfer, 1981). Models developed for 
the purpose of theory building are usually general models used to understand the outcome 
of human behavior or the results of human behavior given an abstract problem. This 
approach to modeling is also referred to as exploratory modeling and unlike other types 
of modeling, does not need to be validated against a specific result (Bankes et al., 2002). 
Nevertheless, such models are best tested with real world conditions to improve their 
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applicability and accuracy. The strength of this type of modeling is that it allows for more 
uncertainty and may provide a deeper or more thorough understanding of the 
relationships between systems or parameters within a system.  
One of the earliest and most notable examples of this type of simulation is an 
exploratory simulation of Paleolithic demographic limits by H. Martin Wobst (1974). In 
these simulations a series of hexagons are used to represent hunter-gatherer territories 
filled with bands of different sizes. The simulation is used to examine the theoretical 
minimum size of bands, the ways in which different marriage practices might affect 
populations, and the number of sites these populations might reflect in the archaeological 
record. Wobst’s simulation was able to answer a wide variety of questions and provide 
hypothetical demographic numbers and relationships that are extremely useful without 
attempting to apply the information to a specific site. Examples of theoretical models in 
archaeology includes:  Hegmon’s (1991) model of the effects of sharing, Axelrod’s (1997) 
models of cultural transmission, Reynold and colleague’s (2003) model of reciprocal 
exchange on social networks and Barton and Riel-Salvatore’s (2014) model exploring of 
lithic assemblage formation. The theories being tested by simulations range from social 
to depositional processes and the amount of missing or unknowable information in the 
archaeological record makes computational modeling an invaluable tool for a wide range 
of topics.  
In archaeological simulation, hypothesis oriented models have been used to 
generate spatial or chronological datasets which can then be compared to the 
archaeological record. Additionally, some have been even used to generate artifact 
assemblages. For instance, Mithen’s (1990) MESO-SIM was created to simulate forager 
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decision making and assemblage formation. These assemblages were then compared to 
Mesolithic site data to understand the types of activities and decisions undertaken by 
those foragers. Likewise, Lake’s (2000) MAGICAL simulation was used to model 
Mesolithic artifact distributions across Scotland. These models are predictive in the sense 
that they focus on creating a specific outcome, however the parameters of these models 
are explored in an attempt to make a valid model. Unlike the predictive models of other 
disciplines, archaeologists tend to change parameters not processes in a model.  
Additional examples of simulations addressing hypotheses in concert with 
detailed spatial and environmental data comes from two simulations used to test 
hypotheses for the American Southwest, Long House Valley, Arizona and Mesa Verde, 
Colorado. Kohler and colleagues (2000, 2005) created a simulation for the Mesa Verde 
region to explore the distribution of settlements and the population history of the region. 
The model uses environmental data to predict the areas with good farmland and when 
used with water availability create a settlement pattern similar to the archaeological 
record of settlement for the area. Additionally, the model was expanded to include the use 
of firewood for each village and predicts that local firewood would have been depleted in 
700 years (Kohler et al., 2005: 82). By the same token, the Artificial Anasazi (Dean et al., 
2000; Axtell et al., 2002; Kohler et al., 2005) simulation was used to simulate 900 years 
of agriculturalist demography with an eye towards testing if environmental changes 
recorded from tree rings were responsible for demographic changes. Hydrological and 
climatological maps were integrated to provide agricultural yields for the valley and 
population was affected by a household’s ability to grow enough food. The annual 
population produced from the simulation was found to be similar to that predicted by the 
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archaeological record- except for one difference. The simulation predicted that people 
would be left in Long House Valley, while the archaeological evidence suggested that the 
valley was abandoned completely. Dean and colleagues (2000) suggest that social 
mechanisms not included in the model may be responsible for the absence of a remaining 
population (for a recent and detailed analysis of these results see Janssen, 2009).  
The design and implementation of a computer simulation to address an 
archaeological problem can be challenging. Researchers naturally turn to computational 
modeling to understand complex questions, yet models are best kept simple (Railsback 
and Grimm, 2011). The addition of unimportant processes to a model only serves to make 
the model more difficult to understand and makes identifying important processes more 
challenging. Archaeologists must filter processes or models that are unrelated to a 
model’s purpose. The pattern-oriented modeling approach (POM) outlined by Grimm and 
Railsback (2011; 2012) addresses this problem by emphasizing the use of patterns to 
create and analyze models. Multiple patterns already observed in a system should be used 
as ‘filters’ to help create a more realistic model. Likewise, the realization of certain 
patterns should be used to adjust parameters. Although this concept may not seem foreign 
to archaeologists who often deal with patterns developed at multiple levels of human 
behavior it can be useful to make such patterns explicit. For example, in a model that 
examines the spread of the Neolithic in the west Mediterranean one pattern may be the 
overall speed, another may be the arrival of agriculture at key geographical points.   
Simulations designed to test specific hypotheses against archaeological data have 
been a successful component of archaeological research. It is important, however, for 
researchers to keep in mind the limitations of modeling. Bankes and colleagues (2002) 
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distinguish between predictive and exploratory modeling. They worry that predictive 
modeling focuses upon the production of valid models when a well proven standard for 
validation has not been established.  
The production of truly predictive models is not common in archaeology since 
most simulations created by archaeologists are aimed towards specific times and places in 
history. Nevertheless the approach championed by Bankes et al. (2002), exploratory 
modeling, is one that archaeologists must pay close attention to. The uncertainties 
inherent in the archaeological record make validating a model about the past virtually 
impossible. As van der Leuuw laments “it is exceedingly difficult in archaeology to 
contradict a theory” (2004: 120) because the archaeological record is only the static 
material residue of behavior. Thus a model must be constructed in order to test realistic 
combinations of parameters not represented in the archaeological record so that 
archaeologists can explore what combinations of variable create the desired outcome and 
possibly how individual parameters effect the overall outcome of a model. It is in this 
context that exploratory modeling can be beneficial to archaeologists.  
Rather than proving a theory, archaeological data can be used to assess better or 
worse fit of a model to data. For instance, if a model predicts that a group of foragers will 
not exploit aquatic resources and there is evidence that aquatic resources were exploited 
then this model should be considered a poor fit -  but it is not invalidated. Likewise, if 
this same forager model accurately replicates the available archaeological subsistence 
record perfectly, the model is still not validated -  it is simply a better fit. The reason this 
model should not be embraced as fact is that the archaeological evidence may not be 
representative of the forager group’s entire subsistence suite. More so than other 
 108 
disciplines, archaeology often has incomplete datasets for comparison and archaeologists 
are unaware which datasets are more complete than others. In light of these issues, it 
seems especially prudent for archaeologists to stick to exploratory models. On the other 
hand, a great deal can still be learned by identifying hypotheses that do not fit with the 
data, perhaps with the hope of one day eliminating all of the possible hypotheses but the 
right one.  
 
Agent Based Modeling 
 The Mesa Verde and Long House Valley models are typical models of the third 
and most recent wave of simulation modeling (Costopoulos et al., 2010; Dean et al., 2000; 
Kohler and Gummerman, 2001). This third wave differs from previous increases in 
popularity not only because of the new ubiquity of computers but also because of the rise 
in popularity of agent-based modeling.  Agent-based modeling (ABM) or as it is 
sometimes called in ecology and life sciences, individual based modeling,  “is a method 
of computer simulation that is particularly well suited to exploring how the aggregate 
characteristics of some system arise from the behaviour of its parts” (Lake, 2015 : 4 ).  
“Instead of describing a system only with variables representing the state of the whole 
system, we model its individual agents”(Railsback and Grimm, 2011: 511).  In this way, 
ABM allows us to examine not only how interacting individuals may affect a system, but 
also how a system might change an individual. With its emphasis on the large scale 
consequences of small scale perturbations it is not surprising that ABM has been 
embraced by researchers espousing a Complex Adaptive Systems perspective. ABM has 
gained popularity in archaeology, as well as a host of other disciplines such as political 
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science, ecology and economics. The ABM method fits well within archaeological 
research because the archaeological record often shows large-scale or long term patterns 
that are the culmination of individual actions. The emphasis upon aggregate phenomena 
often results in a tradeoff between precision and flexibility (Miller and Page, 2007: 79).  
In general, computational models are highly precise, since all of the parameters and 
processes within a model must be explicit. Yet with its emphasis on agent level behavior, 
ABM is usually more flexible and tends to stress the effects of processes instead of the 
individual parameters of a process (Miller and Page, 2007: 80). 
Although ABM is a relatively new term, many of the earlier computational 
models which were previously referred to as simulations might also be called ABMs. For 
instance, Mithen (1990) and Lake’s (2000) aforementioned Mesolithic foraging models 
are designed around the decisions and actions of forager agents. In part, ABMs have 
gained popularity and formality since that time due to the introduction of software 
packages such as Swarm, Ascape (Parker, 2001), Repast (North et al., 2013), Netlogo 
(Wilensky, 1999) and MASON (Luke et al., 2005) which were designed in part for the 
production of agent-based models. Their ubiquity allows for other researchers to run or 
build upon the work of others (which is why sharing the code from ABMs is so 
important).  
Aside from the agent-up focus of agent-based models, the essential characteristics 
of ABMs seem to vary from researcher to researcher. In an ABM, agents are autonomous 
individuals or entities that interact with the environment or other agents within a limited 
spatial area (Bentley, 2003; Railsback and Grimm, 2011). Agents can range from a 
village to an insect as long as they are attempting to solve a goal – often in archaeology 
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this goal is related to the fulfillment of a subsistence need (Lake, 2015). Agents often use 
adaptive behavior to better fulfill their goals (they may choose a new strategy or simply 
move to a new location). For instance, a simulation of hunter-gatherers’ subsistence 
activities might be designed with individual hunter-gatherer agents that travel from their 
home within a designated range and only collect resources that are nearby their present 
location.  
Agent simulations often revolve around a specific schedule that cycles around 
agents assessing the changes in their surroundings and making a decision based upon 
their perception. Once all agents in a simulation have had a chance to behave, the 
schedule is reset to the beginning and the cycle begins again. Agent-based models may 
also include a model component focused upon agent reproduction. Or, ABMs may 
include a memory for agents that allows for them to modify their behavior or 
expectations based upon past experience. A very general outline of an ABM might then 
be something like this: agent examines space around it, agent attempts to maximize or 
minimize something (achieve a goal), agent makes best choice, the consequences of all 
the agent’s actions in a simulation are recorded and the whole process repeats itself again. 
This organizational schema is similar to many models of human behavior; hence it is 
unsurprising that ABM is becoming the most common form of computer simulation in 
archaeology (Lake, 2015).  
 
Simulating Prehistoric Human and Cultural Dispersals 
 Considering the frequent focus of archaeologists upon the spread of the Neolithic 
in general, it should come as no surprise that computational modeling has been used by 
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multiple researchers to address this subject matter.  In fact, one of the first comprehensive 
models for the spread of agriculture in Europe was a quantitative computational model, 
Ammerman and Cavalli-Sforza’s Wave of Advance model (1984). This model has 
continued to be re-implemented by researchers with updated radiocarbon databases and 
slightly different methods. Gkiasta and colleagues (2003) revisited the spread of the 
Neolithic in Europe using GRASS GIS to create contours based on the arrival of 
agriculture. Their spatial analyses confirm the overall chronological trends found by 
Ammerman and Cavalli-Sforza, and identify regional differences in the rate of spread. A 
distinguishing feature of their analyses is the inclusion of Mesolithic site locations and 
chronology. Gaps in Mesolithic settlement are used as indicators of possible demic 
expansion. Consequently, a lack of Mesolithic sites in southern Italy is used to infer that 
agricultural settlements in this area may have been established by migrating farmers 
(Gkiasta et al., 2003: 59).  
Likewise, Pinhasi et. al (2005) used a larger radiocarbon database and confirm the 
rate (0.6 -1.3km) and direction of spread first evidenced by the wave of advance model. 
This rate of spread matches the rate of spread that is expected from a demic wave of 
advance. While this is suggestive, it does not exclude the possibility of other spread types 
moving at similar speeds or a mix of demic and cultural diffusion. This issue has not 
gone unnoticed by the authors, Gkiasta and colleagues note “the existence of a clear 
correlation between date of earliest occurrence and distance from an assumed source is 
quite as compatible with a wave of advance of a cultural trait through a pre-existing 
population, as it is with a wave of population replacement” (2003: 60). Nevertheless, 
modifications of the reaction-diffusion wave initially proposed by Fisher (1937) continue 
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to be used and modified by archaeologists to study the effect of demographic factors 
(Aoki et al., 1996; Fort and Méndez, 1999; Perez-Losada and Fort, 2010; Steele, 2009). 
 Other models based upon demic diffusion equations have subsequently been 
proposed with a variety of modifications. Many of these additions include spatial 
variation; these types of models are referred to as anisotropic. The inclusion of random 
walks and delays in a demic spread model by Fort and colleagues (2004) allowed them to 
better estimate rates of expansion matching that of the Neolithic spread. Subsequent work 
allowed for a better model of Neolithic expansion (when comparing isochrones based on 
radiocarbon dates) by including sea travel with a maximum capable distance of 150 km 
(Fort et al., 2012). In addition, these same equations have been modified to understand 
the effects of Mesolithic groups upon the spread of the Neolithic (Isern and Fort, 2012). 
More recently, Isern and Fort have applied the wave model exclusively to the Iberian 
peninsula (2014). Interestingly, they find that a model which allows for the Neolithic to 
spread from Africa and Europe best fits the available chronological evidence.   
 The computational model of Davison and colleagues (2006) use Fisher’s standard 
wave of population but accelerate the pace of spread along the coast and along rivers. 
This modification improves the fit of their models to the archaeological record – which is 
unsurprising since the LBK expansion is believed to have followed the course of the 
Danube and Rhine rivers and the Cardial expansion followed coastal regions in the 
Mediterranean. An additional model by Davison (2007, 2009) has highlighted the fit of a 
reaction-diffusion model which features two simultaneous waves from the Levant and 
Eastern Europe. Although Fisher’s reaction-diffusion equation was introduced over 75 
years ago, it continues to provide a useful method of simulating demic expansion and 
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produce new insights into prehistoric migration. 
 One of the strengths of computer simulations in archaeology over purely 
mathematical models is the ability to incorporate spatial data into a model. Models of 
migration have rightly focused on including spatial data (anisotropic surfaces) that may 
have affected prehistoric population dispersal since such factors are assumed to play a 
critical role. An early example of such a simulation is Steele et al.’s (1998) model of 
Paleo-Indian dispersal. This model uses paleovegetation maps as influential factors on a 
human demographic model in order to simulate the effect upon the spread of people into 
the Americas. By varying the carrying capacity for different habitat classes and the 
population rate, the authors take a pattern oriented modeling approach and produces 
different spread maps to compare to the distribution of flute points in the United States. 
The reaction-diffusion approach has also been used in coordination with an anisotropic 
surface based upon agricultural productivity for Europe, Africa and India (Ackland et al., 
2007). Ackland’s model demonstrates the manner in which neutral traits may be moved 
with beneficial traits like agriculture and models the effect unproductive land has upon a 
wave of advancing agriculturalists. A complementary demic model that includes spatial 
heterogeneity based upon potential productivity looks at the spread of people and 
language with the dissemination of agriculture from the near east (Parisi et al., 2008). 
 In a manner similar to Ackland et al., the GLUES (Global Land Use and 
technological Evolution Simulator) model also is based upon a surface which is loosely 
equivalent to a map of potential agricultural productivity (Lemmen et al., 2011; Lemmen 
and Wirtz, 2014; Wirtz and Lemmen, 2003). In contrast to most of the aforementioned 
models, the GLUES model is not a reaction-diffusion model nor is it solely driven 
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population increase. Instead, population, economic diversity and information exchange 
all play important roles. Parameters for each region (which are defined by ecological 
variables and vary in shape in size – the Italian peninsula is encapsulated by one region 
while the Iberian peninsula contains six) include technology, the composition of foragers 
and farmers and the number of domestic plants and animals present (2011: 3461). Overall, 
the authors believe that the model produces a similar chronological and spatial pattern to 
the spread of the Neolithic into Europe because agriculture advances at a rate of 1km per 
year (similar to the archaeological record) and because it predicts a distinct culture in the 
same area as the LinearBandKeramik. The success of the model, however, is difficult to 
accurately determine since the authors use a limited radiocarbon dataset with large areas. 
For example, one region of analysis encompasses the Italian peninsula and while over 40 
sites are present in this region, only one chronological value is used for each region. 
Chronological issues notwithstanding, the model represents an important step beyond 
purely demographic reaction-diffusion models. 
 A recent computational model by Bernabeu Aubán (2015b) and colleagues 
focuses on the spread of the Neolithic across the Iberian peninsula. In a vein similar to 
Isern and Fort (2014), the model varies the starting location for the spread of agriculture. 
Their Neolithic spread model uses an anisotropic surface that is based upon the potential 
productivity of a cell for wheat. In contrast to other models, the model runs at a low 
spatial resolution (5 km x 5 km) and is tested against an up to date and carefully curated 
radiocarbon database (2015b: 24).  The authors vary the dispersal methods to include a 
wave like spread, a leapfrog spread and IDD spread (Ideal Despotic Distribution – spread 
is motivated and directed by the resource returns of the patch occupied and the order of 
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arrival, see McClure et al., 2006; Shennan, 2008).  In concert with these spread types the 
authors vary a host of other important variables reflecting land choices, start locations 
and multiple start locations. Perhaps for this reason, their modeling approach resembles 
exploratory modeling or modeling as an experiment and focuses on the overall effect of 
parameters instead of creating a model that produced the best result.  
 
The Path Ahead 
 Computational simulations allow us to formalize concepts and rules that are often 
implicit in conceptual models of past behavior. Computational simulation is not a new 
technique to archaeologists; it has become more accessible and the theory surrounding it 
has become more robust. Nevertheless, computational simulation has not been applied to 
many questions and its potential has not been realized. Clearly the wave of advance 
model first advocated by Ammerman and Cavalli-Sforza (1984) benefited (and continues 
to benefit) from a computational approach and modeling efforts for the wave of advance 
continue to focus on reaction-diffusion equations. These models clearly provide useful 
insights but are much simpler than the conceptual models archaeologists have favored for 
over a decade. While simple models are generally better, computational modeling has 
more to contribute to the study of the spread of the Neolithic.  
Discussions of the spread of the Neolithic have long centered upon indigenist or 
migrationist themes, yet no computational models have been created to test a purely 
indigenist spread of agriculture. Although there will be unknowable parameters, the 
capillary model outlined by Vicent Garcia (1997) can be simulated with an agent-based 
model of indigenous groups in the Mediterranean. The most significant pieces of missing 
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information for such a computational model are the density of forager groups in the 
region and the types of connections between these groups. Nevertheless, with an 
exploratory approach a simulation can estimate the effects of these variables upon the 
general model.  
The MPC model advanced by Zilhão (2011) has not been translated into a 
computational model and is also well suited to the ABM approach. The key tenants of 
this model hold that agriculture spread as a result of agriculturalist migration along the 
coast and the founding enclave. A simulation of this process should include geographic 
information and an element of demic spread directed towards areas of high potential 
agricultural productivity along the coast and inland. Again, an exploratory modeling 
approach would be beneficial and allow for the consideration of how often and how far 
people may have moved by sea or how often people may have moved inland instead of 
moving along the coast.  
  The combination of the capillary and MPC models in the Dual Model (Bernabeu 
Aubán, 1997) may be the most difficult to model because of its complexity. Not only 
must farmer agents expand along the coast and inland, but they must also spread 
agriculture to existing foragers and through their forager networks. Luckily, the processes 
that take place in the Dual model are largely a composite of the former models and from 
a programmatic perspective can essentially be combined. Clearly this model will also be 
dependent on a host of unknown factors and exploratory modeling will be essential to 
understanding the effect of parameters upon the creation of an accurate model. 
The final piece of the puzzle for all of the aforementioned models of spread is the 
environment. The strength of computational simulation over purely mathematical 
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approaches is the ability to add environmental conditions and spatial boundaries. All of 
the models must depend to some extent on spatial boundaries, and some models rely 
upon information about environmental conditions such as precipitation or productive 
agricultural land. Any model of the spread of agriculture should (and some have) include 
environmental information to enable agents to make informed decisions about where they 
might settle next. To that end, the paleoenvironmental maps described in Chapter 3 
should be included in a model of Neolithic spread. 
All four of the conceptual models proposed for the spread of agriculture in the 
west Mediterranean have been tested against archaeological evidence. The radiocarbon 
chronology, site locations and artifact styles have all been used to support or oppose these 
models. As is so often the case in archaeology, not enough evidence is truly available to 
disprove any one model and archaeologists continue to look to evidence from the next 
excavation that may shed light upon the spread of the Neolithic. Regrettably, the 
excavation of more sites and the analysis of more samples for radiocarbon dates has finite 
utility when addressing complex, large-scale prehistoric events. Furthermore, the pottery 
styles, lithic styles and rock art are evidence best applied to local contexts and may not 
accurately reflect the large scale and complex processes often proposed for the spread of 
agriculture. It is in this context that computational modeling can be best applied - to help 
us understand the past, to evaluate the models of Neolithic spread and approach the 
spread of agriculture from an exploratory perspective. 
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Chapter 5: Implementing and Evaluating Models of the 
Impresso-Cardial Neolithic Spread 
 
Archaeologists have regularly applied broad conceptual models to prehistoric 
behavior and prehistoric systems with moderate success. Such models usually describe 
and explain events in the past well, but actual tests of conceptual models with the 
archaeological record are uncommon. Computational models can provide a bridge 
between conceptual models and archaeological reality. Likewise, computational models 
can be used to explore unknown parameters and the transformation of conceptual models 
into computational models enhances our overall understanding of prehistory.  
One of the most distinguishing features of the spread of the Neolithic in the West 
Mediterranean is the apparent speed by which it reached France, the Iberian peninsula 
and North Africa from Italy, as well as the probable association of early Neolithic sites 
with coastal regions. Perhaps for this reason, the chronological and spatial patterning of 
the arrival of agropastoralism has always been a focus of explanation for conceptual 
models in this region. Of course, the causes of agropastoral subsistence spread may not 
be related to the spatio-temporal characteristics of the spread. Yet many of the models 
that have been proposed focus upon predicting the timing and location of Neolithic 
spread. This is due in large part to the emphasis archaeology has always placed upon 
building chronologies and to the paucity of comprehensive material culture databases that 
are comparable between sites. In order to examine the four conceptual models for the 
spread of the Neolithic in the west Mediterranean, an agent-based model was developed 
with the aim of producing spatial and chronological patterns that could be compared to 
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the existing archaeological evidence. 
 
The Cardial Spread Model 
  The Cardial Spread Model (CSM) is an agent-based simulation of the spread of 
agriculture in the west Mediterranean implemented in Netlogo (Wilensky, 1999). The 
four conceptual models proposed to explain this spread are the Wave of Advance Model, 
The Capillary Model, the Dual Model and the Maritime Pioneer Colonization Model (see 
Chapter 4). The CSM provides a platform from which to test these conceptual models 
and a basis from which to study the effects of a wide range of parameters and sub-
processes upon each model’s outcome. In the CSM, forager agents and farmer agents 
interact upon a gridded landscape made up of squares called patches. Agriculture spreads 
through the study area according to the rules and processes outlined in each of the four 
conceptual models – usually with the establishment of new agricultural settlements (i.e. 
farmer agents). Once the simulation has ended, the timing and location of the spread of 
agriculture is recorded so that the results of the agent based model can be compared to the 
archaeological record. The model records the initial arrival of agriculture throughout the 
study area and exports a map of the modeled Neolithic spread. These maps can then be 
compared to a chronologically derived map of Neolithic spread for the west 
Mediterranean that is based upon the archaeological record. The Cardial Spread Model 
does not have all of the answers; it will not predict archaeological sites nor can it 
reproduce the past or its actors, and this is a point that bears repeating. Instead, the CSM 
is a hypothesis engine that enables the comparison of theories concerning the spread of 
agriculture and the careful examination of factors that may have affected the Impresso-
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Cardial spread.  
 
The Cardial Spread Model: Agents 
Forager and farmer agents are a key component of the agent based models, since 
agricultural spread results from their interaction. Each farmer agent represents an 
agropastoral village; it is located on one patch and has its own unique population. 
Agropastoral subsistence implies the use of domestic plants and animals, yet the 
proportion of these domestic resources can vary considerably.  It is also likely that early 
agropastoralists continued to supplement their diet with wild plant and animal resources. 
For this reason the maximum population density could have ranged from 3 - 121 people 
per km2 (S.A. Gregg, 1988; Robb and van Hove, 2003: Table 1). The CSM uses 
published estimates of maximum population density relative to a group’s subsistence 
strategy (proportion of wild and domestic plants and animals) to estimate the carrying 
capacity of a patch for agropastoral groups within the model (Robb and van Hove, 2003). 
For example, the carrying capacity of agriculturalists with a 70% reliance upon crops and 
a 30% reliance upon is 7.82 people per km2, while the carrying capacity of a farmer 
group that only relies upon crops is 121.95 people per km2. Consequently, the relative 
proportion of agropastoral products can have a strong impact on demography, and its 
effects will be examined in greater detail with the CSM. 
By the same token, forager agents represent a group of foragers and each forager 
group in the simulation represents a unique population of foragers. Unlike farmers, 
however, foragers may occupy multiple nearby patches simultaneously in order to 
represent a territory from which foragers would derive their resources. The specific area 
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required to sustain a group of foragers is calculated from the proportion of wild plants 
and animals in their diet and the group’s population. The CSM includes three wild 
resource scenarios from Robb and van Hove (2003) that cause the density of foragers to 
range from 0.5 – 1.72 foragers per km2.  
Mesolithic forager groups occupied the landscape before agropastoralists, and as 
such the simulation begins with these groups spread across the landscape. Since we lack 
detailed information about the location or size of Mesolithic populations (See Chapter 2), 
simulations are initiated by distributing forager agents randomly across the landscape at 
different densities. Kaplan and colleagues (2009) suggest that the actual density of 
foragers was likely close to 1%. In an effort to understand how this factor affects the 
overall spread of agriculture, the simulations were conducted using densities of 1%, 5% 
and 10%.  
 
The Cardial Spread Model: The Annual Cycle 
The CSM is based upon an annual timescale and ceases once the final, user 
specified, year is reached or when no active agents remain in the simulation. Each year, 
an agent’s population is updated and agent decisions result in agriculture or 
agriculturalists spreading across the landscape. All simulations in the CSM described 
here assume that agriculture subsistence in the west Mediterranean dispersed from a 
starting point in southeastern Italy. It begins with one farmer settlement at the origin 
point that adjusts its population based upon the birth and death rates set at the 
simulation’s onset.  
The simulation allows users to choose different birth and death rates for forager 
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and farmer agents. Multiple estimates have suggested that before the Neolithic revolution 
annual population increase may have been as low as 0.001% and may have increased to 
0.1% with the introduction of agriculture (Bentley et al., 1993). Limited skeletal data 
associated with the Neolithic transition suggests that agropastoralists would have enjoyed 
higher birth rates than those dependent upon wild resources (Bocquet-Appel, 2008). The 
magnitude of such a difference is unclear, yet most archaeologists agree that agriculture 
did support larger numbers of people (S.A. Gregg, 1988; Robb and van Hove, 2003). A 
study conducted by Bentley and colleagues (1993) which compared modern hunter 
gatherers to pre-industrial agricultural groups found that agriculturalists had significantly 
higher fertility and a mean annual fertility rate of 6.6% (Bentley et al., 1993: 274). 
Fertility values for agriculturalists are adjusted in the simulation, but the values tested are 
influenced by this mean annual fertility rate. A death rate of 4.8%was chosen in tandem 
with a birth rate of 6.6% since this results in an annual population increase of 0.1%.  
Once a settlement reaches a set population limit, it fissions to form a new farmer 
settlement. The actual population limit is determined by a host of factors, including the 
subsistence strategy of the farmers (which ultimately determines the carrying capacity of 
a given cell), and a parameter which determines how close to a patch’s carrying capacity 
a settlement may reach before fissioning. Additionally, a user specified parameter 
controls the proportion of a village that leaves to found a new village.  
Consider a village (i.e. a farmer agent on a patch) that has a carrying capacity of 
100 agriculturalists. The simulation could be set so that once the village reaches 100% of 
the carrying capacity 5% of the village leaves to found a new village. In this example, 
once a village reaches 100 people, a new village of 5 people would be founded and the 
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population of the originating village would be reduced to 95. Yet it may not seem 
realistic to envision villagers waiting to form a new village till the full carrying capacity 
has been reached – this is actually an explicit part of the Maritime Pioneer Colonization 
model. Instead, the simulation could be set to cause the village to fission once 50% of the 
carrying capacity had been reached and 50% of the village population to found a new 
settlement. With a carrying capacity of 100 people this set of parameters would cause a 
new village to be founded when the village population reached 50 people, at which point 
25 people would found a new settlement and the remaining village population would be 
reduced to 25 people. Following the process of population change and the establishment 
of how many people will be in the new settlement (i.e. farmer agent), each agent fissions 
according to the rules of the conceptual model that is being tested. 
 
The Cardial Spread Model: Social Networks 
 Social networks play an important part in both the Dual and Capillary models. In 
the Dual and Capillary models, network connections between forager and farmer agents 
are necessary for agriculture to spread between the two agent types. For the moment, 
however, very little is known about how forager networks may have been structured or 
how networks between farmers and foragers may have functioned (see Chapter 2). 
Evidence for the existence of such networks comes from the discovery of items that have 
traveled distances greater than would expected for an individual group; these items 
presumably would have been traded between different groups. Intergroup social 
relationships also likely were related to and affected by marriage between individuals. 
Whallon (2006) suggests that Mesolithic social networks functioned as sources of 
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information about other areas and as a buffer in case of subsistence scarcity. He also 
suggests that, in contrast to the preceding periods, the Mesolithic environment was much 
less patchy.  In light of this, Whallon argues that Mesolithic hunter gatherer networks 
would have favored connections across longer distance with groups that would have been 
less likely to have the same subsistence shortfalls. Put simply, this implies a network 
structure favoring connections with groups that are further away. On the other hand, 
groups could be connected to one another based upon how often they interact, which 
implies that groups physically close to one another may have stronger social connections. 
Perhaps if marriage played an important role in creating the social connections between 
groups, distance may not be a factor at all. With these issues in mind, the simulation 
allows for the use of three simple network algorithms. The first network model favors 
connections with hunter gatherer groups that are further away, in keeping with Whallon’s 
suggestions.  A second model favors connections with nearby groups; and a third model 
creates random connections with groups regardless of the distance (See Figure 5.1.). 
These network types will play an important role in the direction and distance of 
agricultural spread in the Capillary and Dual spread models.  
 
The Cardial Spread Model: The Agent’s Landscape 
In addition to its focus on evaluating conceptual models of spread, the simulation 
also allows for the examination of different landscapes. The CSM operates upon a grid 
based environment. A user specified map can be loaded at the beginning of the 
simulation using the GIS extension in Netlogo. This map contains the geographic limits 
of the simulation and allows for the inclusion of geographic information which informs 
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the agents: including the presence of land, oceans, rivers or the distance from one patch 
to another in kilometers. Each patch is equivalent to a 23.4 km2 area. The area of each 
patch is paired with information about forager and farmer density to calculate the 
maximum number of people a patch could sustain. A map imported into the simulation 
also contains a numerical value for each patch with which its value can be evaluated. For 
instance, a slope map contains a value from 0-100 which represents the slope of a patch 
(a value of 100 indicates a flat surface). Farmer agents use this value to decide where on 
the landscape to found a new settlement by choosing one of the patches with a maximum 
value within the area they may move. A total of eight maps can be chosen from, but only 
one map is used at a time in the simulation (see Chapter 3 for more information on the 
creation of these maps).  
 
The Cardial Spread Model: Design Constructs 
Rather than make an agent-based simulation for each conceptual model, one 
model was built to test all of the possible model types. A single, comprehensive 
simulation environment (the CSM) allows for better comparison of alternative spread 
types and model parameters; it also allows for each implementation of a conceptual 
spread model to use components and subprocesses common to all of the conceptual 
models. Most of the theoretical models of spread were built upon the intellectual ideas of 
others, and the model is implemented with this in mind. For instance, all but the Wave of 
Advance model allow for farmers to move in a leapfrog like pattern to areas that are 
economically beneficial – and this submodel can be used by all of the simulations. More 
specifically, the Dual model uses the Maritime Spread parts of the Maritime Pioneer 
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Colonization model while including components of network spread similar to that used in 
the Capillary model. The CSM also includes a multitude of other global variables that are 
based upon ethnographic information or are unknowable and consequently provide an 
interesting point of analysis. The sections that follow describe the information and 
assumptions upon which the model is built and then describe the implementation of the 
theoretical models discussed in Chapter 4.  More detail on the implementation of the 
model can be found in the model’s ODD in Appendix A. 
 
Conceptual Spread Models: The Wave of Advance 
 In the CSM, the implementation of the Wave of Advance as outlined by 
Ammerman and Cavalli-Sforza (1973, 1984) is rather straightforward (Figure 5.2.). Once 
a farmer settlement reaches the population limit for a given cell, a new settlement is 
founded upon a neighboring patch. The location of the new settlement is chosen by 
randomly choosing one of the patches with the maximum land value from nearby patches 
that are above a user-specified land value threshold. The number of people in the old 
settlement is decremented to reflect the population of the new settlement. A settlement 
will continue to grow and fission until none of the contiguous patches are empty. Once 
this happens, the settlement stays inactive (the population no longer spreads to new cells) 
for the remainder of the simulation.  
 In the Wave of Advance model, foragers may play a minor roll. Each year, 
forager group populations are updated and if the carrying capacity is exceeded more 
territory is added to the forager’s range. If forager transitions are turned on in the 
simulation, then foragers will transition to farmers if a farmer village is located on a patch 
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neighboring the forager group’s territory. In this instance, the forager population is split 
into new villages upon the land it once used for foraging. If the forager transition switch 
in the simulation is turned off, then foragers do nothing besides react to population 
changes. 
 
Conceptual Spread Models: Maritime Pioneer Colonization 
 The Maritime Pioneer Colonization (MPC) model implements spread along the 
water and along land, with water expansion distances being much higher (Figure 5.3.). 
Unlike the Wave of Advance mode, the MPC model is not driven by population growth. 
Rather, the model’s author, João Zilhão (1997, 2001) suggests that random, historically 
contingent circumstances may have motivated migration. Unfortunately, such 
circumstances are not articulated in the narrative with sufficient precision to replicate 
with agent-based modeling. Because population growth can trigger other social drivers 
like conflict, I have chosen to leave population as a factor, but at levels well below a 
patch’s carrying capacity. For instance, a maritime pioneer model might be parameterized 
to spread at 25% of a patch’s potential carrying capacity and 75% of the settlement could 
be designated to fission from the initial settlement. In this way population pressure serves 
as a proxy for other, social motivations of maritime spread.  
Once the need to spread has been established, farmers may move by land or by 
sea (if they are settled along the coast); movement by sea is determined by a frequency 
value chosen at the onset of the simulation. Farmers who move by land create new 
settlements at a land-based patch within a given radius that has a minimum acceptable 
land value and has the highest land value (as determined by the map, e.g. slope, 
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precipitation, wheat potential). If a farmer agent lives near water, they may move to a 
patch with the highest land value that reaches the minimum land value in order to create a 
new agricultural village (or farmer agent). When farmers move along the coast 
(ostensibly by boat), they are able to move much greater distances. Although this 
maritime movement distance is also a parameter that can be changed, archaeological 
evidence hints that a distance of at least 100 km is reasonable for such movements. The 
islands of Corsica and Sardinia were settled during the early Neolithic and they are 
located over 100km from the Italian coast (Ammerman, 2011). This process of terrestrial 
and maritime movement continues until either no patches for expansion remain (a farmer 
village then becomes inactive) or the simulation has reached its final year. 
In the Maritime Pioneer Colonization, foragers play a limited role in the 
expansion of agriculture. Consequently, I have chosen to include foragers in this model 
using the same outline as used in the Wave of Advance Model. Forager agents are spread 
randomly across the model and adjust their population annually. If farmer agents are 
located in proximity to foragers and the user has specified that foragers can transition to 
farmers, then the foragers will divide their territory amongst themselves and turn into 
farmer agents (i.e. found residential settlements). 
 
Conceptual Spread Models: Capillary Spread 
In contrast to the other models being tested, the Capillary Model does not focus 
upon the movement of people. Instead, the primary means for the spread of agriculture is 
believed to be motivated by exchange between hunter-gatherers (Figure 5.4.). Exchange 
partners are determined by one of the three aforementioned network structures. The 
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Capillary model relies upon social connections and unpredictable social factors that are 
not clearly articulated in the narrative and for which archaeological evidence is lacking. 
For this reason, the spread is controlled by a probability value which is chosen at the 
simulation’s onset. One farmer agent begins the simulation connected to forager agents 
using the chosen network structure. During each year or step of the simulation, farmer 
agents have a specified probability for spreading agriculture to the foragers in their 
network. If agriculture is spread from a farmer agent to a forager agent, the forager agent 
becomes a farmer agent. Once a forager transitions to a farmer, they may spread 
agriculture to the foragers in their network in subsequent years. A key detail not 
discussed in the Capillary Model narrative (Vicent Garcia, 1997), is the behavior of 
farmers after they have transitioned from foragers. Since it is unlikely that farmer 
settlements did not grow, regardless of whether or not they started as foragers, farmer 
agents in the CSM that have reached the population maximum spread in the same manner 
as non-coastal agriculturalists in the Maritime Pioneer Colonization model. A new 
settlement is founded at random from surrounding land with the greatest land value that is 
also greater than the minimum land value. If no patches are unoccupied, then a farmer 
village remains inactive for the remainder of the simulation.  
 
Conceptual Spread Models: Dual Model Spread 
 The Dual Model attempts to include both indigenous foragers and exogenous 
farmers as components of the spread of agriculture (Bernabeu Aubán, 1997, 2002). With 
this in mind, the model’s implementation contains components of both the Maritime 
Pioneer Colonization model and the Capillary model (Figure 5.5.).  Farmer agents are 
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motivated by population constraints in an identical manner to the previous models. 
Likewise, farmer agents may found new settlements in a land based or maritime manner 
(identical to the Maritime Pioneer Colonization Spread) and become inactive when no 
locations are available to move to. Another striking difference between the Dual model 
and other models is the inclusion of hunter-gatherer and farmer interaction, as well as the 
spread of agricultural products along hunter-gatherer networks.  
 The spread of agriculture to forager agents from farmer agents is controlled by 
proximity and the length of interaction. For each forager group, the amount of contact 
from farmers is recorded by counting the number of farmers within a given radius each 
year. As the amount of contact increments, the likelihood of a forager group adopting 
agriculture increases. The Dual model also posits that agriculture may have spread from 
hunter-gatherer groups who interacted with farmers to different hunter gatherer groups. 
Consequently, as the interaction of hunter gatherers with farmers increases, the more 
likely it is that agriculture will spread from one hunter gatherer group to another within 
its network.   
 
The Creation of a West Mediterranean Site Database 
The first step in evaluating the simulations of Neolithic spread was the creation of 
a chronological database of known sites for the study region documenting the timing and 
geographic arrival of the earliest Neolithic in the west Mediterranean. Previous 
computational studies have compiled similar databases of initial Neolithic sites – building 
upon one another by adding sites from other regions and by updating the chronological 
record for existing sites. Of course, the construction and critical application of such 
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databases is difficult, as is keeping such a database current. With this in mind, it should 
come as no surprise that the databases used in previous computational work have been 
incomplete and at times have contained inaccurate information about site locations, dates, 
cultural associations or sample IDs. These issues notwithstanding, the overall databases 
used have continued to increase with each new study, and the number of dates and sites 
used has increased from 53 - 3027 (see Table 5.1).  
It is important to recognize that multiple dates may be recorded for the same site 
and if the question asked of these databases is the earliest arrival of agriculture, then only 
one of these dates is actually used. Additionally, many prior studies encompass all of 
Europe or even all of Europe and the Near East. As noted by Pardo Gordó et al. (2016), 
very few of the dated sites in these samples are from Impresso-Cardial contexts in North 
Africa, Iberia, France or Italy. The Iberian peninsula in particular also has witnessed a 
substantial increase in the number of excavated early Neolithic sites in the last two 
decades, and many of these sites have yet to be included in models of agropastoral spread. 
Consequently, the first step in creating a spatial and chronological point of comparison 
for agropastoral spread models was collating and updating a database for the west 
Mediterranean. 
The comprehensive chronological database used here started with the extensive 
radiocarbon database constructed by Shennan and Steele (2015). Their database was then 
supplemented by other online public databases that have been created in recent years, 
including RADON (Hinz et al., 2012) and CONTEXT (Böhner and Schyle, 2015); 
however, these databases are limited in scope, area and funding. The CONTEXT 
database is largely concerned with sites in the eastern Mediterranean, and the RADON 
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database is focused on central Europe. The database of Shennan and Steele was then 
augmented with radiocarbon datasets that previously have been used to evaluate other 
large scale Neolithic spread models, as well as information from individual site reports. 
Specifically, the radiocarbon database used in this research was supplemented with the 
radiocarbon databases of Pinhasi et al. (2005), which comprised a small sample of good 
dates for the entire Mediterranean, and the database of sites used by Bernabeu et al. 
(2015b), which provided detailed data for the Iberian peninsula. Additionally, the work of 
Manen and Sabatier (2003), which reviewed chronological data from 126 sites located 
primarily along the French coast of the Mediterranean, was also instrumental in the 
completion and evaluation of a Neolithic site database.  
As these databases were combined, many new radiocarbon dates were added to 
existing sites, coordinates for sites previously not georeferenced were identified, and an 
alarmingly large number of errors were identified and resolved. A final database of 2260 
radiocarbon samples representing almost 700 sites was compiled for Italy, southern 
France, the Iberian peninsula and north Africa and includes both Mesolithic and Early 
Neolithic periods. Once only one date was chosen for each site, sites which fell outside of 
the study area were eliminated and those which were not pre-Neolithic or early Neolithic 
were eliminated, 605 sites remained. 
Early Neolithic sites are used to pinpoint the earliest arrival of the Neolithic in a 
location. More specifically, Neolithic site data is applied in the formation of a 
chronological and spatial map named a chronosurface (discussed in more detail below). 
The distribution of Neolithic sites can be seen in Figure 5.6. and Table 5.2. Interestingly, 
although there are more Neolithic sites on the Iberian Peninsula, both France and Italy 
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have a higher density of sites. The density for each country is calculated from the area 
encompassed within this study rather than the entire country. Only the southern coast of 
France is included in this study, which is why France has the second highest density of 
sites and the second lowest number of sites. Although the density across these countries 
is far from uniform, their relative similarity does suggest that the sample of sites is not as 
biased as raw counts might suggest.  
 
Locating Prehistoric Sites 
Ultimately, the georeferenced location of sites was often the most difficult piece 
of data to obtain for the formation of this database. Of the 336 Neolithic sites used in this 
analysis, only 266 sites have published georeferenced locations.  The locations of the 
remaining 70 sites were identified using published site reports or published maps that 
were then georectified or identified on Google Earth. For example, radiocarbon dates for 
the Mesolithic and Neolithic site of Grande Rivoire were available but an exact location 
was not. Using the map of the site location provided by Nicod et. al (2012:14) and 
pictures of the site’s location (Nicod et al., 2012:15) I was able to identify the location of 
the site on Google Earth and record the coordinates (see Figure 5.7.).  Although the 
location of some sites have been repeatedly recorded in publications, they tend to be 
published at a coarse resolution – rounded to the second decimal place in a Latitude and 
Longitude format. Consequently, these sites may be located within a 367m radius of the 
given coordinates or lie somewhere within a 423 km2 area. Although it is beyond the 
scope of this project it seems clear that a larger and more complete database for 
radiocarbon dates, context and site locations must some day be compiled if archaeologists 
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wish to continue asking questions about large scale prehistoric events.  
 
Other Issues with the Current Chronological Record 
Aside from the issues associated with collecting dates for sites and identifying 
physical locations for sites, there may be other problems associated with some reported 
dates. Taphonomic problems associated with cave mixing may skew a site’s chronology, 
and a majority of excavated sites are from cave contexts (Zilhão, 2001, 2011). As was 
discussed in more detail in Chapter 2, a majority of excavated early Neolithic sites are 
located in caves or rockshelters. Efforts have focused upon these locations since they are 
easier to locate than open air sites, yet these sites are often prone to depositional mixing 
which may contribute to errant dates (Bernabeu Aubán et al., 2001). Inaccuracies may 
also result from the reservoir effect upon shell and bone samples – many of which are 
found in Portugal (Bernabeu Aubán et al., 2014; Joan Bernabeu Aubán et al., 2015b). In 
fact, Bernabeu Aubán and colleagues (2015b) suggest that using a dataset that has been 
corrected for the reservoir effect may be best for evaluating the results of a simulation. 
By the same token, the old wood effect (in which organic material or carbon that is much 
older is deposited in more recent deposits) has also been identified as source of error – 
especially when included in bulk radiocarbon samples (Bernabeu Aubán et al., 2001, 
2006a, 2014: Figure 1; Zilhão, 2001). These problems suggest that the best way to form 
an accurate database is to select dates that are unproblematic and fulfill an exacting list of 
criteria. 
Appropriate criteria for selecting dates to be used in a regional database have been 
outlined by Pardo-Gordo and colleagues (2016; see also Joan Bernabeu Aubán et al., 
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2015b; and Zilhão, 2011). In order to avoid errant dates, samples should only be from 
short lived species and bulk radiocarbon dates should be eliminated – this would prevent 
the old wood effect. When possible, dates for Neolithization should come from or be 
associated with domestic species such as wheat or ovicaprine bones. Radiocarbon 
samples derived from bones and shell must be evaluated and calibrated for the reservoir 
effect. Also, dates with large standard deviations (greater than +/- 100 years) should be 
avoided since the range encompassed by their standard deviation makes them of little use 
for understanding what appears to be a rapid prehistoric event (Zilhão, 2001).  
These criteria are undoubtedly important, if not crucial for the evaluation of the 
chronological record of the Neolithic in the west Mediterranean. Unfortunately, the 
application of such rigid criteria to the available dates would result in the elimination of 
many sites and the creation of spatial voids that would render a chronological database 
unusable. Bernabeu Auban and colleagues (2015b) were able to use these criteria for the 
Iberian peninsula; however, the chronological record from Iberia profits from a number 
of recent excavations and AMS dating of smaller samples.  
Rather than eliminate a substantial number of dates and even entire sites, I 
developed a procedure, the chronosurface, that makes possible the use of dates for the 
study area that include samples from bulk radiocarbon samples, questionable contexts 
and high standard deviations while still taking into account the greater chronological 
uncertainty. Nevertheless, dates with excessive standard deviations greater than 400 years 
were not used (only 5 sites had standard deviations greater than 300 years, see Appendix 
B).  
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The Chronosurface 
 One of the most challenging aspects of using computational models in 
archaeology is making the results meaningful. In order to do so, the results output from 
the CSM have been designed to be similar to archaeological information. The 
chronological and spatial patterning of the spread of the Neolithic is a primary focus of 
the Neolithic spread models for the region. Consequently, the ABM was developed with 
the purpose of simulating the location and timing of the spread of agriculture.  
 Previous simulations have customarily focused on comparing regional arrival 
times to the archaeological record. This area-based approach might use a geographical 
region such as eastern Iberia or the whole of Italy. The benefit of such an approach is that 
as a wide area is averaged together, it lessens the impact of areas with little 
archaeological research or inaccurate dates. However, this approach eliminates the 
apparent pattern of patchy Neolithic spread which characterizes the west Mediterranean 
archaeological record. The coarse resolution of some models misses important 
chronological and spatial variation. For example, any simulation that focuses on the 
spread of agriculture into Europe beginning in the eastern Mediterranean will produce 
patterning similar to the archaeological record because, of course, any model which starts 
in the eastern geographical limit of a simulation and models the westward spread of 
agriculture will produce the correct spatial east-to-west pattern at a coarse resolution. 
 On the other hand, the Neolithic Spread model recently developed by Bernabeu 
Auban et. al (2015b) focuses on the modeled arrival of the Neolithic at actual Neolithic 
sites from the archaeological record. This approach is more fitting for the uneven pattern 
of Neolithic expansion. It also avoids one issue stemming from the incomplete nature of 
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the archaeological record. Simply put, areas with no archaeological sites were not 
necessarily unoccupied during prehistory. For instance, if a model predicts the presence 
of a Neolithic site in a location that no sites have been excavated, this does not invalidate 
that model.  
Although much more accurate, there is a potential problem with this approach – it 
is only able to evaluate a model with respect to site locations. Consider a simulation run 
in which farmers arrive at a location that neighbors a Neolithic site at the correct 
chronological moment, but do not spread to the actual cell with a Neolithic site on it until 
much later. In this hypothetical example, the mechanisms driving the spread of 
agriculture may be producing results that closely mirror the archaeological pattern but 
produce a quantitatively poor result. If a model accurately predicts the arrival of 
agriculture in close proximity to an actual site, this model should be regarded as a better 
fit than a model which predicts the early arrival of agriculture nowhere near early 
agricultural sites. Instead of modeling the arrival of agriculture at an exact location or a 
macro regional scale, this project attempts to compromise between these two approaches. 
 Each point in a three dimensional maps of elevation contains three values, X and 
Y coordinates which denote a location and a Z value which represents the elevation at a 
given point. A similar concept is sometimes used in archaeology to illustrate 
chronological trends and help fill gaps in chronological data across space.  A 
chronological surface, or chronosurface, is a three dimensional representation of 
chronological phenomena in which the Z value (usually the value which denotes 
elevation) is replaced with a chronological value. This is accomplished with the creation 
of a raster image in a GIS, in which each cell in the raster image consists of X and Y 
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coordinates which denote a location and a Z value which represents the time at which 
something happened. To connect these points, various forms of interpolation can be 
applied to fill in information for areas with no data. For instance, this approach was used 
by Tiffagom and colleagues (2007) to create a map depicting the spread of Solutrean 
points across western Europe. More recently, this approach was used to understand the 
spread of the Neolithic for Iberia by Isern and colleagues (2014). Using 93 dates from the 
Iberian peninsula, the researchers use a krigging interpolation to create a surface 
depicting the arrival of the Neolithic. This chronosurface is used by Isern et al. (2014) to 
test hypotheses centering on the initial arrival point of the Neolithic to Iberia. This 
approach is an excellent vehicle for testing spread hypotheses for the west Mediterranean 
since it scales up the site level datasets to larger scale geographical areas through 
interpolation. A chronosurface provides a hypothetical testbed which avoids the 
aforementioned problems and can be compared to the output of an agent-based model so 
that the model output can be evaluated against the archaeological data. 
 With this in mind, the earliest dates from Neolithic sites were interpolated using 
the v.surf.rst module included with GRASS GIS (Neteler et al., 2012). This module 
approximates the surface between points based on the dates associated with the site using 
regularized spline tension (see Figure 5.8.). The module also allows for the integration of 
the standard deviation associated with each site into the creation of the chronosurface. A 
smoothing parameter unique to each site can be specified which denotes how closely a 
surface intersects a point. In other words, a surface must pass close to a point (date) with 
a standard deviation of 5 years while a surface may vary further from a pointe given a site 
with a 200 year standard deviation. In practice, a smoothing parameter has the strongest 
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effect upon sites that are close together. If two sites are close to one another, the site with 
the lowest standard deviation will shape a surface at the expense of a site with a large 
standard deviation. Intuitively, this is as it should be, since sites which have large 
standard deviations may be problematic due to mixing or have greater uncertainty. In this 
research, I compare model results to a chronosurface, interpolated from the mean 14C age 
of early Neolithic sites. Dates with low uncertainty (i.e. low standard deviation) have the 
greatest influence on this surface while dates with high uncertainty have a lesser 
influence but are not excluded. This allows the CSM results to be evaluated against an 
empirical record of as many dates as possible to provide a wider spatial sample. 
 The use of a chronosurface can also help mitigate dating errors that have been 
included in the radiocarbon record. For example, at the site of Ifri Oudadane, the oldest 
Neolithic date (7611 ± 37 cal BP, Beta 295779) overlaps the Epipaleolithic layers at the 
site (Beta 313467) and is just over 200 years earlier than other Neolithic dates from the 
site (Pardo Gordó, 2015). This date also represents the earliest Neolithic date from North 
Africa. The excavators of the site note that the lentil seed that yielded the date may be 
from a wild plant – yet lentil is not associated with the Epipaleolithic level (Morales et al., 
2013). Thus, the validity of the date is far from clear; yet it cannot be dismissed even 
though its assignment to the Neolithic is uncertain. Since no other dates as old as this are 
found in North Africa, the interpolation trends towards the other, more recent dates. 
Consequently, the interpolation used to create the chronosurface minimizes, but does not 
eliminate, the effect of dates that do not fit the chronological pattern of the surrounding 
area. 
 By testing hypotheses against the same chronosurface (Figure 5.8.), each 
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Neolithic spread model can be evaluated in regards to the overall spatial patterning. The 
maps are compared using a regression to describe the correlation between the two maps. 
This allows for an objective comparison between the chronosurface and model results. 
Regressions were performed using the R statistical package (R-Project, 2016). An R 
script was created which imported all of the map files output by Netlogo in a given 
directory into R and then calculated an r value for each model run. These values provide 
a useful and quantitative way to compare models relative to one another given the 
currently available evidence.  
 
The Model Starting Point 
 Clearly, the choice of where to start a Neolithic spread model has a strong effect 
on the results. For this reason Bernabeu and colleagues tested the effect of different start 
points for the spread of the Neolithic in Iberia and also tested multiple starting points 
(2015b). Currently, the chronological record for the Italian peninsula suggests that 
agropastoralism arrived in the southeast, somewhere in the Puglia region. However, since 
the model output will be compared to a chronosurface based upon archaeological data, 
the chronosurface approach was also used to identify a starting point. Instead of using the 
oldest site in the Puglia region, the location of the oldest patch identified through 
interpolation was used as the model starting point (this is near the oldest site). There is 
currently no evidence to suggest that the Neolithic may have originated anywhere else on 
the Italian peninsula, and for that reason only one starting point is used to test all of the 
spread models.  
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Stochasticity and Model Results    
 For most agent-based models, no two model runs produce identical results. This is 
due to the inclusion of random numbers or elements of chance in a model that simplify 
cultural and historical sub-processes that are too complex to model. Consider the ABM 
implementation of the maritime pioneer colonization model in which agents may choose 
to expand to new coastal locations. Realistically, a litany of cultural, demographic or 
historical factors may have been at play which ultimately led to maritime migration. 
Since we have no way to know what these might have been, the results of these processes 
are represented with a maritime spread probability to understand how the variation in the 
impetus to migrate affects the modeled spread of farming. This introduces elements of 
stochasticity so that each model differs from every other run to some extent. Moreover, 
movement within the models produces additional variation between each model run. In 
the CSM, agents in all but the Wave of Advance scenario decide where to settle by 
choosing a location that meets or exceeds a user specified threshold (e.g. low slope, better 
rainfall). Yet, in some cases an agent must choose between multiple patches that meet the 
minimum land value. In those cases, the Netlogo command one-of is used, which 
randomly chooses from an existing list of locations with identical values. Again, this 
situation can add a great deal of stochasticity to the model output.  
 On the one hand, the simplest solution to the problem of stochastic results is 
obvious – run the same model run over again and average the results. On the other hand, 
it is unclear how many model runs are needed to provide an accurate picture of those 
results. This problem is compounded by the number of possible parameter combinations 
for each model. Each combination of parameters within a model may result in more or 
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less variation. For instance, if one were to change the minimum accepted value of a place 
to move to, then the number of possible destination would increase and this could 
increase the variability of results. Moreover, this effect might change depending upon the 
map being used. In light of this, the number of runs needed to understand a model’s 
variability can change depending on the parameters used.      
  The model developed in this project can be used to test four types of spread 
models, as well as some of the key components or parameters of these models. 
Parameters are included to help address unknown prehistoric factors or test the 
importance of a factor upon the agropastoral spread in the model. The model includes 16 
meaningful parameters ranging from the birth rate of agropastoralists to the map which 
will be used in the simulation (See Table 5.3 and Table 5.4). Each of these parameters 
may have anywhere from two to five possible values, resulting in over 100 million 
possible combinations. Obviously, running every possible parameter combination 
thousands of times is impossible within the scope of this project.  
 Instead of testing every possible parameter combination, the parameters which 
seemed most likely to be influential were targeted, with the aim of understanding the 
possible range of variation without testing all of the parameters. Influential parameters 
were chosen based upon a detailed understanding of both the coding and the crucial 
anthropological concepts of each spread type. Consequently, a handful of parameters 
were chosen for each spread type, and each of these parameter types was run a total of 
1000 times. The spread types and the parameters which were tested are presented in 
Table 5.5.  
 In an effort to understand how spatial variation might affect model variation for a 
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parameter set, the simulation map upon which agents base their movement decisions and 
the initial forager density for the simulation were investigated for each spread type. 
Additionally, the minimum land value that an agent would move to was varied for all of 
the spread types to understand the effect this variable might have in conjunction with 
different simulation maps. The other parameters chosen were specific to the processes in 
each spread type. For instance, the network type was varied for the Capillary spread 
model, since the spread of agriculture travels across social networks. Leap distance was 
varied for the Maritime Pioneer Colonization model and the Dual model because the 
distance that agents could move in these models was also a likely source of variation. For 
each spread type there are many other variables that could add a larger degree of 
variation. Yet, the consistency of the results that follow from those initial experiments 
lends confidence to the notion that individual variables do not add much more variation 
to the results.  
 In summary, the suite of parameter combinations in Table 5.5 were each run 1000 
times to help identify the minimum number of runs for a given parameter combination 
that would produce representative results. To identify the minimum number of runs 
needed, a similar approach to that used by Bernabeu Aubán et al. (2015b) and Barton et 
al. (2015) was used. One thousand random samples of a given size were drawn from the 
1000 runs, and the mean, standard error and p-value of each sample was calculated. For 
instance, to test how the mean r value from running a model ten times compares to the 
mean r value derived from running that same model 1000 times, 1000 random samples of 
ten were drawn from the 1000 total runs. The mean correlation value (r value) and mean 
standard error of the samples of ten was then compared to samples of other sizes (20, 30, 
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40, 50, 75, 100, 125, 150, 175, 200, 250, 350, 500, 750).   
 The results of these samples for one combination of parameters is shown in Table 
5.6. Tables with comparable values for the other 147 combinations of parameters can be 
found in Appendix C. Table 5.6. includes the sample size and statistics describing the p 
vale from t tests comparing the sample mean to the actual mean from the full 1000 runs. 
For instance, randomly chosen samples of a size of 50 from the full 1000 runs on average 
have a p value of 0.5 meaning that on average there is no significant difference between a 
sample of 50 and the sample of 1000. However, it is possible to attain a significant 
difference with a sample of 50; the minimum value for a sample of 50 was p = 0.004. In 
fact, it is not until one uses sample sizes of 500 or 750 that the minimum value of p was 
not significant. For all of the parameter combinations, the smallest sample size of ten is 
not statistically different on average from the full sample of 1000 runs. Therefore, it 
seems that running each combination of parameters ten times should account for the 
model’s stochasticity and provide representative r value. Nevertheless, in the interest of 
being cautious this minimum number was doubled. Consequently, a sample size of 20 
was chosen as sufficient for the purpose of capturing the variation of each model scenario.   
 
Conclusion 
The CSM transposes the explanations put forward by other researchers for the 
spread of agriculture in the west Mediterranean in order to facilitate a better 
understanding and allow for the relative evaluation of the models. By testing hypotheses 
about the spread of agriculture we can begin to put aside theories that are a poor fit for 
the current archaeological evidence and elaborate upon theories that correlate well with 
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the archaeological evidence.  
In an effort to understand the spread of the Cardial Neolithic, the CSM will be 
used to test more than which model produces the best result (i.e. highest r value). 
Computational experiments using the Behavior Space module in Netlogo will be used to 
explore of a range of possible parameter combinations which will help delineate which 
conceptual models consistently produce better results, which parameters are important to 
the outcome of the models and what values produce better results, as well as what effect 
the various maps of environmental conditions have upon the results of each conceptual 
spread model. Ultimately, this model is poised to provide a wealth of insights into the 
Impresso-Cardial spread and may provide a foundation upon which even more detailed 
models may one day be built.   
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Figure 5.1. Possible intergroup network configurations for forager and farmer agents. A) 
a randomly configured network. B) Network configuration which preferentially chooses 
nodes that are further away. C) Network configuration which preferentially chooses 
groups that are closer. 
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Figure 5.2. Schematic outline of the implementation of the Wave of Advance Model. 
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Figure 5.3. Schematic outline of the implementation of the Maritime Pioneer 
Colonization Model. 
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Figure 5.4. Schematic outline of the implementation of the Capillary Spread Model. 
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Figure 5.5. Schematic outline of the implementation of the Dual Model.
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Figure 5.7.  Locating the site of Grande Rivoire using Google Earth. Top image modified 
from  (Nicod et al., 2012) 
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Figure 5.9. The mean correlation coefficient from sampling one modeled parameter set of 
1000 runs. Overall, the scale of variation is quite low. 
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Figure 5.10. The average standard error for each sample size from one model parameter 
set repeated 1000 times. In addition to an overall low standard error, it is clear that the 
amount of error is greatly reduced with a sample size of 20. 
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Table 5.1. The Number of Dates Used in Previous Neolithic Simulations. 
Neolithic	Spread	Study	 Number	of	Dates	Used	
Ammerman and Cavalli-Sforza (1984) 53	
Gkiasta	et.al	(2003)	 510	
Pinhasi	et.	al	(2005)	 735	
Davison	et.	al	(2009)	 478	
Bocquet-Appel	et.	al	(2009)	 3027	
Fort	et.	al	(2009)	 919	
 
 
 
 
Table 5.2. Density of early Neolithic archaeological sites with radiocarbon dates per 
region. 
Early	Neolithic		7000	-	4000	Cal	BC	
		 Italy	 France	 Iberia	 N.	Africa	 Total	
Sites	 99	 50	 177	 10	 336	
Density	per	km2	 3.54E-04	 3.09E-04	 2.95E-04	 4.11E-05	 2.61E-04	
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Table 5.6. T-test results for various sample sizes as compared to the full sample of 1000. 
The values in this table account for one parameter configuration, the Dual spread model 
with an initial forager density of 1, a leap distance of 25 and a minimum land value of 50.  
 
Sample	Size	 Mean	p	Value	 Max	p	Value	 Min	p	Value	 p	Value	ơ	
10	 0.5072	 0.9996	 0.0010	 0.2886	
20	 0.5188	 0.9992	 0.0004	 0.2848	
30	 0.5177	 0.9989	 0.0069	 0.2855	
40	 0.5154	 0.9999	 0.0003	 0.2857	
50	 0.5136	 0.9997	 0.0006	 0.2871	
75	 0.5072	 0.9990	 0.0000	 0.2919	
100	 0.5236	 0.9999	 0.0015	 0.2738	
125	 0.5491	 0.9985	 0.0058	 0.2754	
150	 0.5524	 0.9999	 0.0008	 0.2704	
175	 0.5668	 0.9980	 0.0064	 0.2634	
200	 0.5638	 0.9978	 0.0011	 0.2651	
250	 0.5624	 0.9977	 0.0054	 0.2668	
350	 0.6209	 1.0000	 0.0059	 0.2458	
500	 0.6537	 1.0000	 0.0743	 0.2246	
750	 0.7743	 0.9999	 0.2479	 0.1637	
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Chapter 6: The Results from the Cardial Spread Model 
 
The Cardial Spread Model (CSM) provides a unique platform upon which 
multiple questions and hypotheses about the spread of the Neolithic can be addressed. In 
the previous chapters, the design and implementation of the CSM were described in detail. 
Four conceptual models have been proposed for the spread of the Impresso-Cardial 
Neolithic: the Wave of Advance Model, the Capillary Model, the Maritime Pioneer 
Colonization Model and the Dual Model. The CSM was designed to test these four 
conceptual models for the spread of the Neolithic in the west Mediterranean, to explore 
and better understand the parameters affecting those models and to test the role 
paleoenvironmental factors may have played in the overall spread of the Neolithic by 
using eight different paleoenvironment maps. The CSM incorporates realistic social, 
economic and environmental details with these four conceptual models resulting in a 
level of realism not available in any other computational models of the origins of farming 
published to date.  
 
Experimental Design and Workflow 
Each experiment with the CSM can be understood as a unique combination of the 
conceptual spread type, the paleoenvironmental map, and the parameter values being 
tested. From these experiments, maps were produced which recorded the arrival of 
agriculture throughout the study region in each simulation. The outcome of each 
experiment was then evaluated by calculating a correlation value (R value) using a linear 
regression in GRASS GIS to compare the map of modeled arrival times from the CSM 
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experiment to the empirically derived chronosurface (see Chapter 5). Each experiment for 
a particular combination of spread type, parameter values, paleoenvironmental map was 
repeated a total of 20 times - due to the stochasticity in the simulation (See Chapter 5) 
and the mean correlation value of the repeated runs was used as the representative 
correlation value for the experiment. Each correlation value (or R value) reported below 
for each paleoenvironmental map is the best or maximum correlation value for that 
experiment. 
A variety of social and subsistence parameters as well as paleoenvironmental 
maps were explored in concert with each spread type. Some parameter types, such as 
initial forager density, were tested with all of the conceptual models of spread, while 
others, such as maritime leap distance, are only relevant for the type of conceptual spread 
being tested (See Table 6.1). Since many parameters have an extensive range of possible 
values, high, medium and low values were chosen for testing. For instance, the coastal 
leap distance parameter, can range from 0-300 km. To address this parameter, high, 
medium and low values of 100, 200 and 300 km were selected. In order to identify which 
parameters had a significant affect upon the correlation value produced by the simulation, 
the statistical significance of parameters was tested with an analysis of variance test using 
the R statistical package. Throughout this chapter, the term significant is only used to 
describe parameters for which varying their values generated model results with R values 
that varied at the F<0.05 level using this test.  
 
Parameter Sensitivity 
One of the most difficult aspects of evaluating the four conceptual models of 
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Neolithic spread is the number of unknown parameter values. Of the parameters with 
unknown values, we have only an intuitive understanding of which parameters might 
have been important. The most obvious strategy to address this, is to test every 
combination of conceptual spread type, paleoenvironmental map, and parameter values. 
Unfortunately, even if only high, medium and low values are used for parameters, the 
number of unique parameter combinations is over 20 million (this is without repeating 
each run 20 times). This amount of model runs would create 4 billion maps (20 million 
repeated 20 times) which would would take just over 12,000 TB of space and four billion 
runs (a run can take from 2-20 minutes) would take the average desktop years. Obviously 
this many experiments would be impossible within the scope of this research – even in 
the high performance computing (HPC) environment used.  A faster programming 
language than Netlogo could also have been employed, but this would have made 
dissemination to and understanding by other researchers more difficult. Also, this would 
not have addressed the storage space needed to run all parameter combinations of the 
model. 
In order to focus in on parameters with the greatest impact on model results, the 
parameters for each conceptual spread type, given current anthropological knowledge of 
small scale farming behavior, were tested in two groups. First, the parameters that 
intuitively should have an important impact upon the results from each conceptual spread 
type were tested with two different paleoenvironmental maps: a map of lowest slope and 
a map of best locations for growing wheat. From these experiments, I was able to identify 
parameter values which significantly improved correlation results (using the analysis of 
variance test in R). Parameters for which different values had no effect upon the results 
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were subsequently eliminated from future tests. Parameters which were inconsistent in 
these initial significance tests were subjected to further testing. The specific results from 
these tests are described in detail for each conceptual model of spread.  
This first set of experiments was used to better inform the parameter set used in 
the next set of experiments. For each conceptual model of spread, a second set of 
parameters was tested with each paleoenvironmental map and the importance of these 
new parameters was also investigated. By dividing the parameters into two groups, the 
number of total runs was greatly reduced. In total, 74,940 individual model runs were 
conducted resulting in a total of 3747 distinct parameter combinations. 
 
Presentation of Results 
The three questions asked of the experiments conducted with the CSM (testing 
parameters, testing the role paleoenvironmental conditions, and testing the conceptual 
models of spread) are all inter-related. The same CSM results, therefore, can be used to 
answer or understand multiple questions. This chapter first focuses upon the results from 
these computational experiments as they relate to the four conceptual models of spread. 
Within each of these four sections, parameter sensitivity, and the results from each 
paleoenvironmental map are examined in detail as they related to each of the conceptual 
models of spread.   
 
Paleoenvironmental Maps  
Paleoenvironmental maps were included in these experiments for the purpose of 
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understanding if and in what way environmental conditions might have influenced the 
spread of the Neolithic in the west Mediterranean. The maps were created in GRASS GIS 
using the PMIP3 paleoclimate model and modern topographic data sources (See Chapter 
3). During a simulation, farmer agents move to one of the patches in range with the 
highest value. A value on a paleoenvironmental map represents the favorability an 
environmental factor for a given location upon the landscape. The paleoenvironmental 
maps can be divided into three groupings: topography maps, climate maps, and synthetic 
maps. 
 
Topography Maps 
The lowest slope map was the only paleoenvironmental map that included only 
topographical information and was the least modified of the maps tested with the CSM. 
The logic behind using a map of slope was simple; early agriculturalists would likely 
have favored flat land upon which to grow their crops. The lowest slope map is based 
upon modern digital elevation model (DEM) data and the only transformations conducted 
upon this map was the inclusion of more coastal land to account for the change in the sea 
level of the Mediterranean. Farmer agents using the lowest slope map move to one of the 
patches within range with the lowest slope and all slope values may be occupied by 
farmer agents.     
 
Paleoclimate Maps  
The paleoenvironmental maps which contain information about precipitation and 
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temperature were all created using the PMIP 3 paleoclimate model. These maps were 
chosen and valued with the subsistence needs of prehistoric farmers in mind. As such, 
locations with high values were thought to have better ecological conditions.  
The spring precipitation paleoenvironmental map was created from the PMIP 3 
paleoclimate model (See Chapter 3). During the initial spread of the Neolithic in the west 
Mediterranean, early agropastoralists were heavily dependent upon wheat. The amount of 
rainfall in the spring heavily influences the productivity of wheat and is therefore a 
crucial factor for the survival of early agropastoral groups. To create this 
paleoenvironmental map, the amount of spring precipitation was used to create a tripartite 
division in which locations with enough spring precipitation were given a value of 100, 
locations with less than optimal precipitation were given a value of 75, and everything 
else was given a value of 50 or below (See Chapter 3 for more detail).  
The minimum march temperature (MMT) paleoenvironmental map was also 
created from the PMIP 3 paleoclimate model. Like the spring precipitation 
paleoenvironmental map, the MMT map was created because this factor would have 
heavily influenced wheat yields. The MMT data was also used to create a three value 
(100, 75 & 50) division to reflect the affect cold temperatures would have had upon 
wheat productivity (all locations in the simulation may be occupied by farmer agents).     
 
Synthetic Maps 
The remaining paleoenvironmental maps were created by combining 
topographical and paleoclimate maps. Just as in the paleoenvironmental maps described 
so far, high values were created by ranking the environmental and topographical 
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conditions with respect to how optimal they would have been for prehistoric subsistence.  
The slope and annual precipitation (SAP) paleoenvironmental map combined the 
slope map described previously and precipitation data from the PMIP 3 model (See 
Chapter 3). Although early agropastoralists are most often associated with their 
dependence upon wheat and barley, it is reasonable to ask if early Neolithic colonists 
would have chosen locations specifically for wheat, or if they would have preferred 
locations that would have been beneficial for other components of their subsistence such 
as good grazing for domestic animals or an abundance of wild animals for hunting. For 
these reasons, slope and annual precipitation paleoenvironmental map was designed to 
identify locations that would have provided ideal conditions year round by joining the 
mean monthly precipitation and the lowest slope map.  
The best wheat locations (BWL) paleoenvironmental map combined maps of 
temperature (including the minimum march temperature map) and spring precipitation as 
well as the lowest slope map in order to rank the landscape with respect to its potential 
for wheat agriculture. Since wheat was an important staple of ancient farming practices, 
this map was created to reflect environmental variables that would have been important 
for the growth of wheat and by extension would have been beneficial places for early 
Neolithic farmers to settle. 
The best wheat locations map was further enhanced with the addition of rivers. In 
an effort to understand the importance of rivers (and a few large lakes) as optimal 
locations for agriculturalists and possibly as areas of higher quality soils as they are in 
Central Europe (See Chapter 3), a map which emphasized rivers as beneficial settlement 
locations was tested. The best wheat locations and rivers for settlement map (BWLRS) 
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was created by adding 25 to the land value of all locations which were crossed by rivers 
or bordered by lakes. In the CSM, this has the effect of making some land more valuable 
for the purpose of creating new agricultural settlements. As a result, agriculturalists are 
more likely to move to riverine locations within range of their current location. 
The best wheat locations and rivers for transportation (BWLRT) 
paleoenvironmental map was developed to understand the importance of rivers as routes 
of transportation. For this synthetic map, the best wheat locations map was modified so 
that rivers could be traveled in the same manner as the ocean. Locations which were 
intersected by rivers are transformed into coastal areas for the purpose of maritime 
movement and which cannot be occupied (Null land values). As a result, farmer agents 
are able to travel up river at greater distances than they would if the rivers were land. This 
paleoenvironmental map has been modified to enhance maritime movement and as a 
result only the Maritime Pioneer Colonization model and the Dual model were used to 
test this map (only these two conceptual models of spread include maritime movement).   
The final unique map upon which simulations were conducted is the slope and 
rivers for transportation (SRT) map. The lowest slope map which prioritizes flat areas 
over areas of high slope was combined with the map of rivers. Similar to the BWLRT 
map described previously, river locations were made null, which effectively allows 
farmer agents to travel further inland along rivers as they would along coastal areas. 
Again, only the Maritime Pioneer Colonization model and the Dual model were used in 
concert with this map since only these two conceptual models of spread include maritime 
movement. 
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The Wave of Advance Model Results 
The Wave of Advance model is largely driven by population pressure. In this 
conceptual model, agropastoralism results in an increased population rate. As the 
population of farmers increases, farmers are forced to move to nearby locations in order 
to provide enough food for themselves. The expansion of farmers results in a 
continuously expanding wave of new settlements (See Chapter 4). Unlike the other 
conceptual models, the Wave of Advance only allows for proximal movement by farmers. 
In the CSM, farmers in the Wave of Advance model are only able to expand to new 
patches which border the originating patch. The original formulation of this model does 
not include forager populations; but since foragers were clearly must have been present in 
some capacity, they are included in the following experiments. 
 
The Wave of Advance Model: Parameter Selection and Sensitivity 
As a result of the importance of population to the Wave of Advance model, the 
first set of experiments included parameters that should help increase population and 
multiply its affect. Four parameters were chosen for initial parameter sensitivity testing 
upon two paleoenvironmental maps, the lowest slope and best wheat locations maps. The 
first parameter was the farmer birth rate. For both maps, this parameter significantly 
affected the correlation results, and increasing the birth rate led to higher correlation 
values (See Table 6.2). The farmer fissioning proportion parameter, which determines the 
proportion of a village population which leaves an overpopulated village to found a new 
one, was also tested. This parameter also significantly affected the outcome of the model 
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when using both paleoenvironmental maps and higher fissioning proportions (more 
people leaving) led to better correlation values (See Table 6.2). In effect, this increase 
leads to new villages reaching their carrying capacity faster and leads to more frequent 
village creation. The farmer fission subsistence capacity parameter denotes the proportion 
of the calculated carrying capacity which causes a village to fission (i.e. the lower the 
overall carrying capacity). This parameter also significantly affected the correlation 
values from the Wave of Advance with both paleoenvironmental maps and the results 
suggest that higher proportions (ultimately higher populations per village) led to better 
correlation values (See Table). The final parameter tested for sensitivity, initial forager 
density, had no significant effect upon the wave of advance spread. Since foragers were 
able to adopt agriculture in these simulations and become farmers, it seemed likely that 
more foragers in the experiment would positively contribute to the overall population of 
farmers in the experiment and produce better correlation values. However, the initial 
forager density had no significant affect upon the results from the simulation with both 
paleoenvironmental maps.  
In all of these initial tests, however, agriculture did not spread beyond the Italian 
peninsula in the allotted time (6850-4000 cal BC). Therefore, it is unsurprising that the 
parameter values which increased the speed of the spread had a positive impact upon the 
correlation values. The second set of parameters was chosen with the aim of encouraging 
the Wave of Advance conceptual model to spread across the entire west Mediterranean. 
This parameter sensitivity test was used to determine the best parameter values for 
use in the next set of experiments. A high farmer birth rate of 7%, a farmer fissioning 
proportion of 50%, and a farmer fission subsistence capacity of 75% were all kept 
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constant while three other parameters were tested in the subsequent Wave of Advance 
experiments. Farmer strategy was included; it represents the proportion of wild and 
domestic animals in a farmer’s diet and affects the carrying capacity for each village. 
Forager group size was also varied and since forager agents are affected by this value, the 
initial forager density was included again. The full parameter configuration is included in 
Table 6.3 and was used for each paleoenvironmental map test described below.  
 
The Wave of Advance Model: No Consideration of the Landscape 
The Wave of Advance model was tested without consideration of the landscape to 
better understand the impact of the paleoenvironmental maps which were subsequently 
tested. In this experiment, farmer agents choose randomly from the unoccupied locations 
around them instead of choosing new locations based on the value derived from a 
paleoenvironmental map. The maximum correlation value from this test was r=0.294. 
Although all of the subsequent Wave of Advance experiments resulted in very similar 
maximum correlation values, this was the lowest (See Table 6.4). This fact suggests that 
the inclusion of paleoenvironmental maps does improve the results from the Wave of 
Advance, even though farmer agents in this conceptual model can only choose from a 
very limited number of locations. None of the three parameters that were tested (farmer 
strategy, forager group size and forager land) significantly affected the results (See Table 
6.5). Finally, just as in the initial test, the Wave of Advance conceptual model did not 
spread agriculture beyond the Italian peninsula. In fact, agriculture was unable to spread 
beyond the Italian peninsula with all of the following paleoenvironmental maps. 
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The Wave of Advance Model: Topography Maps 
The Wave of Advance Model: Lowest Slope Map 
The introduction of the lowest slope paleoenvironmental map slightly improved 
the results from the first experiment which did not include a paleoenvironmental map. 
The maximum correlation value for the lowest slope paleoenvironmental map was 
r=0.299. Just as in the previous experiment, none of the parameters tested significantly 
affected the results from the simulation (See Table 6.5) and agriculture remained in Italy.  
 
The Wave of Advance Model: Paleoclimate Maps 
The Wave of Advance Model: Spring Precipitation Map 
The application of the Wave of Advance model to the spring precipitation 
paleoenvironmental map continued to produce results that were almost undistinguishable 
from any of the Wave of Advance models described previously. The maximum 
correlation value for the Spring Precipitation map was 0.299 (See Table 6.4). With the 
spring precipitation map, testing both the Farmer Strategy and Forager Group Size 
parameters produced no significant effect upon the model (See Table 6.5). In this case, 
initial forager density was close to being a significant parameter at the F<0.05 level 
(F=0.0518), and higher densities of foragers led to slightly better correlation values. 
Since the Wave of Advance is strongly affected by population, it follows that more 
foragers on the landscape would help propel the spread of agriculture further and faster 
with the addition of more people that can become farmers. Just as in the previously 
described experiments, use of the spring precipitation paleoenvironmental map does not 
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lead to the spread of farmer agents beyond the Italian peninsula. 
 
The Wave of Advance Model: Minimum March Temperature Map 
The minimum march temperature map produced the lowest correlation value of 
any simulation which included a paleoenvironmental map (See Table 6.4). The maximum 
correlation value was r=0.296, only 0.002 better than the simulation which did not utilize 
paleoenvironmental information. The three parameters which were included in the 
simulation did not significantly impact the correlation values from this experiment (See 
Table 6.5), which is consistent with most of the Wave of Advance experiments.  
 
The Wave of Advance Model: Synthetic Maps 
The Wave of Advance Model: Slope and Annual Precipitation Map 
The Wave of Advance model provided no new surprises when paired with the 
slope and annual precipitation paleoenvironmental map. Although the largest from the 
Wave of Advance, the maximum correlation value (r=0.304) remained virtually 
indistinguishable from the other paleoenvironmental maps (See Table 6.4). The three 
parameters tested (farmer strategy, initial forager group size and initial forager density) 
had no significant influence upon the outcome of the model (See Table 6.5). The 
introduction of this synthetic paleoenvironmental map had no influence upon the amount 
of area spread to since the Wave of Advance was only able to spread to the coast of the 
Ligurian Sea before the simulation ended at 4000 cal BC.  
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The Wave of Advance Model: Best Wheat Locations Map 
The best wheat locations paleoenvironmental map ranks the landscape according 
to its potential for wheat agriculture. With this new paleoenvironmental map, however, 
the results were consistent with the previous experiments. The maximum correlation 
value was r=0.300, and the parameters which were tested had no significant affect upon 
the results (See Table 6.5).  
 
The Wave of Advance Model: Best Wheat Locations and Rivers for Settlement Map 
This paleoenvironmental map combines the best wheat locations map and 
increases the value of locations which are intersected by rivers. Once again, only initial 
forager density had a significant affect upon the correlation values from the experiment 
(See Table 6.5). A higher initial density of foragers on the landscape (5%) produced 
slightly higher correlation values. The maximum correlation value achieved with this 
map remained unchanged with the best wheat locations and rivers for settlement map (r = 
0.303) and agriculture did not spread much further than the Italian peninsula. 
 
The Wave of Advance Model: Conclusions 
Three important conclusions can be drawn from the results of the Wave of 
Advance model experiments. First, the different paleoclimatic maps had a marginal affect 
on the correlation values from this spread type. When no paleoenvironmental map was 
included the correlation value was at its lowest. This suggests that using 
paleoenvironmental information in general is important. On the other hand, all of the 
correlation values for each paleoenvironmental map were within 0.01 of one another 
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which suggests that paleoenvironmental maps were of limited importance. The Wave of 
Advance model limits the distance and speed by which agropastoralists may spread 
because of its dependence upon population pressure and its reliance upon spreading to 
neighboring cells. Since fewer new location choices are available for agricultural spread, 
the land value of these patches had a minimal impact. Regardless of the 
paleoenvironmental map tested, the results from the Wave of Advance model remained 
the lowest of all the conceptual models of spread. 
Second, parameters which increase the population of each farming village, or 
increase the effect of population are significant parameters for this conceptual model of 
spread. In general, as populations increase the speed and distance that agriculture travels 
also increases. As the speed of the spread of agriculture increases, correlation values 
improve because more of the landscape is occupied. Since the Wave of Advance model 
centers on population pressure as a driving factor, this result is unsurprising. Also, the 
inclusion of foragers (not included in the original formulation of the model) had no 
identifiable impact upon the model. The most interesting result was the inability of the 
Wave of Advance to spread agriculture across the entire west Mediterranean study area. 
In all of the Wave of Advance experiments agriculture did not spread much 
further than the Italian peninsula (See Figure 6.1). Previous tests of the Wave of Advance 
model have not encountered this problem (e.g. Fort et al., 2012) because they were based 
on abstract rates of spread. This implementation of the Wave of Advance model contains 
a level of precision which is absent from other studies due to the inclusion of 
demographic, subsistence and environmental details (although see Rob and van Hove 
(2003) for a similar conclusion). All of the parameters which were tested in these 
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experiments are at their reasonable maximums, but there is simply not enough time for 
the population expansion which occurs in the Wave of Advance to spread farming across 
the western Mediterranean.  
Informal tests were conducted to determine how long it might take for the Wave 
of Advance to spread agriculture across the west Mediterranean. In practical terms, this 
meant continuing the simulation past the normal 4000 cal BC stopping point until the 
study area was filled by agriculturalists. With no time limit, agriculture took over 16,000 
years to spread across the entire area. In other words, the wave of advance spread finishes 
spreading after 9000 A.D., or 7,000 years in the future.   
Other informal tests were conducted to determine at what birth rate agriculture 
might spread across the west Mediterranean using the Wave of Advance in the allotted 
time. A birth rate of over 19% successfully filled most of the study area. This birth rate is 
over twice the plausible (but still high) farmer birth rates of 7.0% used in these 
experiments.  
From the perspective of the west Mediterranean, the Wave of Advance model is 
not an adequate conceptual model for Neolithic spread. In large part, the Wave of 
Advance model does not function appropriately for the area because of the limited area 
that farmers may expand to. In general, if farmers were able to spread to locations that 
were not contiguous they might spread further. More importantly, if farmers were able to 
spread to patches that do not border their own they will be able to continue fissioning 
longer and effectively contribute more farmers to the resulting wave of population. As a 
result of this problem with the Wave of Advance model, a second and complementary 
conceptual spread model called Leapfrog spread was also included. 
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The Leapfrog Model 
The leapfrog model is unlike the other conceptual spread types tested because it 
has not been previously applied by archaeologists to the west Mediterranean. 
Conceptually, however, the leapfrog conceptual spread model is closely related to the 
Wave of Advance model and the Maritime Pioneer Colonization (MPC) model. The 
leapfrog model is included to act as an enhanced version of the Wave of Advance model 
and as a point of comparison for the MPC conceptual model.  
The leapfrog conceptual spread model is identical to the Wave of Advance model 
in all but one aspect. Instead of only moving to neighboring patches, farmer agents can 
move to unoccupied locations within a predetermined radius. Migrating farmer agents 
can essentially “leap” over locations that are not favorable, or that are occupied, in order 
to settle in new locations. This same mechanism is utilized in the MPC conceptual model 
of spread for land based movement. At it its core, the MPC model is a combination of 
both land and sea movement. The movement upon land is shorter than that which occurs 
along the shore. Also, land based movement is not constrained to land in one specific 
type of location as it is in the case of the maritime movement (constrained to coastline). 
Essentially then, leapfrog movement is what occurs in the MPC model if there is no 
chance of maritime movement. Therefore, the leapfrog spread conceptual model can be 
compared to the MPC model to determine the importance of maritime movement to the 
MPC conceptual model. The leapfrog model can be considered an improved version of 
the Wave of Advance model or as a component of the MPC model. 
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The Leapfrog Model: Results 
The outcomes of the Leapfrog conceptual model of spread were an improvement 
upon those from the Wave of Advance and remarkably consistent (See Table 6.4). The 
highest correlation value from the Leapfrog spread occurred with the lowest slope 
paleoenvironmental map (r=0.484). Clearly, this is an improvement from the maximum 
correlation value recorded for the Wave of Advance (r=0.304). The lowest maximum 
correlation value from each of the paleoenvironmental maps was r=0.475 while using the 
best wheat locations and rivers for settlement map. All of the leapfrog experiment 
correlation values were within 0.01 of one another, just as they were with the Wave of 
Advance model.  
Values for the farmer birth rate and maximum leap distance parameters were 
tested to determine if either parameter significantly affected the outcome of the model 
(See Table 6.6). Farmer birth rate significantly affected the results in only one case, with 
the lowest slope map. Surprisingly, maximum leap distance did not significantly affect 
the correlation from the model. This parameter, however, did affect the distance which 
agriculture spread across the map. When a maximum leap distance of 25km was used, 
farmer agents usually only spread partly across the Iberian peninsula before the 
simulation time limit was reached. Only with distances of 50km and 75km did forager 
agents successfully spread across most of the west Mediterranean.   
 
The Leapfrog Model: Conclusions 
As a point of comparison for the MPC model, the results from the leapfrog spread 
suggest that the maritime component of the MPC model positively affects the correlation 
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value. Of the seven paleoenvironmental maps the two spread types share in common, the 
MPC model produced better correlations with five (See Table 6.4). The Leapfrog spread 
model only recorded better correlation values with the minimum march temperature map 
and with no consideration of the landscape. Although far from conclusive, this fact hints 
that maritime movement produces better correlations with the chronosurface.  
As an enhanced version of the Wave of Advance, the Leapfrog spread model is 
successful on multiple fronts. First the Leapfrog spread model allows for forager agents 
to spread across the study area within the timeframe outline by the radiocarbon record. 
Second, the correlation values recorded by the Leapfrog spread are a marked 
improvement from those recorded for the Wave of Advance (See Table 6.4). Just as was 
the case with the Wave of Advance, paleoenvironmental maps had a minimal impact 
upon the correlation values. The lack of influence from these maps could be due to the 
lack of directionality in the Leapfrog conceptual spread model. As farmer agents move 
50km in one direction, their next migration may be 40km in the opposite direction. Since 
most of the paleoenvironmental maps are characterized by wide areas of similar values 
the next best location for a farmer agent to expand to might be located the way from 
which it had come. This phenomenon leads to a wave like spread that is not dissimilar to 
the Wave of Advance. In essence, the addition of a leap distance allows for a larger wave. 
Since, farmer agents that would have been unable to contribute to the expansion wave 
may do so by leaping over occupied patches surrounding them, the wave is able to 
expand further and faster.  
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The Capillary Model Results 
Unlike the Wave of Advance and Leapfrog conceptual models of spread, the 
Capillary model stresses the importance of social networks for the spread of the 
Impresso-Cardial Neolithic. In this conceptual model, agriculture spread to foragers by 
way of network connections (See Chapter 4). Once a forager transitions to a farmer, they 
have a chance to spread agriculture to the foragers with whom they share a network 
connection. Agriculture may also spread as a result of population pressure. Farmer 
villages may fission once the village has reached a predetermined size (which is 
dependent upon the parameters chosen) and farmers settlements subsequently spread in 
the manner described for the leapfrog spread model. 
 
The Capillary Model: Parameter Selection and Sensitivity 
Since the Capillary model spreads through network connections the first test of 
parameters focused upon parameters tied to the spread of agriculture across social 
networks and the initial density of foragers upon the landscape (See Table 6.1). Three 
network configurations (one favoring close connections, one favoring far connections and 
one randomly distributed) produced no significant differences in correlation values. On 
the other hand, the frequency of spread along those networks, the initial density of 
foragers and the maximum distance between linked groups all significantly affected the 
outcome of the Capillary model (see Table 6.7). A short distance between forager groups 
(forager-link-distance 50km), infrequent spread along networks (capillary-spread-
frequency, 1% chance) and few foragers on the landscape (forager-land, 1% of the land 
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occupied) all led to higher correlation values. These three parameter values effectively 
decrease the speed by which agriculture spreads across the west Mediterranean. As will 
be described in more detail below, the Capillary model results in the spread of agriculture 
occurring too rapidly. For this reason, parameter values which slowed the spread of 
agriculture improved the correlation values for the Capillary model.   
In the subsequent experiments for each paleoenvironmental map, some of these 
same parameter values were further tested and one additional parameter was tested. The 
reason these parameters were chosen was to improve the correlation values and slow the 
spread of agriculture in the Capillary model. Since the lowest chance of capillary spread 
produced better correlation values, even lower values were tested to see if this might 
continue to improve the results (frequencies of 0.25%, 0.50%, 0.75%, and 1% were 
tested). Likewise, since lowering the forager link distance improves the results, a new, 
lower value was also tested (25km). Finally, in an effort to slow the Capillary spread, a 
lower farmer birth rate was tested. The full list of the parameter values used in the 
experiments which follow can be found in Table 6.8. 
 
The Capillary Model: No Consideration of the Landscape 
The Capillary model is meant to emphasize the importance of indigenous groups 
in the spread of agriculture. This initial spread does not, therefore, take the landscape into 
account. Normally, only after forager groups become farmer settlements do farmer agents 
use the values on the paleoenvironmental maps to spread. In this experiment, farmer 
agents spread randomly without consideration of the landscape. Interestingly, this 
scenario produced the highest correlation value calculated for the Capillary model, 
 182 
r=0.473 (See Table 6.4). This implies that the inclusion of paleoenvironmental 
information with the Capillary model worsens the outcome from this model when 
compared to the chronosurface and contrasts with the other conceptual models of spread. 
Of the three parameters which were tested, only farmer birth rate significantly 
affected the results (See Table 6.9). A lower birth rate of 6.2% produced better results 
and likely contributed to slowing the spread of agriculture in the Capillary model to better 
match results from the radiocarbon record. Even with a lower birth rate, however, the 
capillary spread model usually too quickly. The results from the Capillary model were 
variable; which was likely a result of the random distribution of forager social networks 
across the landscape. 
 
The Capillary Model: Topography Maps 
The Capillary Model: Lowest Slope Map 
The application of the Capillary conceptual model to the lowest slope 
paleoenvironmental map continued the trends as laid out by the first experiment. The 
experiment resulted in a correlation value of r=0.465, the third highest correlation value 
for the Capillary spread. In most cases, agriculture continued to spread too quickly 
(although in a few cases it did not spread across the entire map). Farmer birth rate was 
once again a significant parameter in the resulting correlation value; a low farmer birth 
rate yielded higher correlation values (See Table 6.9).  
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The Capillary Model: Paleoclimate Maps 
The Capillary Model: Spring Precipitation Map 
The pairing of the spring precipitation paleoclimate map and the Capillary 
Neolithic spread model resulted in a maximum correlation value of 0.444 (See Table 6.4). 
All three of the parameters tested (the maximum link distance between foragers, the 
Capillary Spread frequency and farmer birth rate) had no significant affect upon the 
correlation values (See Table 6.9). The spread of agriculture with the Capillary 
conceptual model simulation continued to occur more rapidly than is suggested by the 
archaeological record. 
 
The Capillary Model: Minimum March Temperature Map 
Although the minimum march temperature (MMT) map usually results in 
correlations that are comparably low for each spread type (See Table 6.4), in this case the 
MMT map was a midrange correlation value for the Capillary model (r=0.456). The 
parameters tested followed the established pattern; only the farmer birth rate parameter 
significantly affected the results (See Table 6.9). 
 
The Capillary Model: Synthetic Maps 
The Capillary Model: Slope and Annual Precipitation Map 
Although the tests of the Capillary Neolithic spread model and the SAP map 
produced the lowest correlation value of the paleoenvironmental maps, the correlation 
value was consistent with previous Capillary spread model results. The maximum 
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correlation value (r=0.439) was similar to the other paleoenvironmental maps. The 
parameters which were tested also followed the previously established patterns (See 
Table 6.9). The Capillary Spread Frequency and Forager Link Distance parameters were 
not statistically significant while a lower farmer birth rate of 6.2% produced significantly 
better results. Again, the low farmer birth rate is responsible for slowing the spread of 
agriculture with the Capillary model. Nevertheless, agriculture continues to spread too 
quickly across the study area.  
 
The Capillary Model: Best Wheat Locations Map 
The best wheat locations paleoenvironmental map resulted in a correlation value 
of r=0.469. This correlation value was the highest recorded for any paleoenvironmental 
map with the Capillary model (See Table 6.4). The parameters tested in this experiment 
behaved identically to the other experiments, farmer birth rate was significant while the 
other parameters were not (See Table 6.9).  
 
The Capillary Model: Best Wheat Locations and Rivers for Settlement Map 
The application of the Capillary Spread model to the BWRS map also resulted in 
a maximum correlation value which was comparable (r = 0.440) to the other tests of the 
Capillary model (See Table 6.4). The parameters tested also continued to affect (or not 
affect) the outcome of the model in an identical manner. Forager link distance and 
capillary spread frequency had no significant affect upon the model while the farmer 
birth rate parameter significantly affected the results and the lower birth rate of 6.2% 
producing higher correlation values. 
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The Capillary Model: Conclusions 
The outcomes of the Capillary model experiments demonstrate that this 
conceptual model should not be dismissed. The Capillary model is capable of spreading 
agriculture across the entire study area, although usually at speeds that are much too rapid. 
Judged by the correlation values alone, the Capillary model performs better than the 
Wave of Advance but not as well as the Leapfrog, MPC or Dual conceptual models. 
Nevertheless, it is impossible to discount this model without a firm grasp of the 
settlement distribution of indigenous groups. In the CSM indigenous groups were 
randomly distributed across the landscape. Yet, if many of the indigenous groups were 
located in coastal locations, the spread of agriculture in the model and the resulting 
correlation value may have been improved.    
Interestingly, these experiments demonstrated that the paleoenvironmental maps 
either had no effect on or negatively affected the results from the Capillary model. This 
unexpected result is difficult to account for since the paleoenvironmental maps generally 
improved results with the other conceptual models of spread. The Capillary model itself 
emphasizes the spread of agriculture across social networks instead of through the 
movement of farmers; therefore, the initial spread of agriculture is only minimally 
affected by the paleoenvironmental map. 
Finally, the implementation of the Capillary conceptual model of spread also 
demonstrated the most significant issue with this model is the speed by which agriculture 
spread. Due to the random distribution of social networks the results varied, but in some 
instances agriculture spread in less than 500 years (see Figures 6.2 and 6.3). All of the 
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significant parameters were related to the overall speed of spread in the model (See Table 
6.9) and the best values for these parameters slowed the spread in some way. The spread 
of agriculture across social networks makes it possible for agriculture to spread long 
distances faster than by population pressure alone. As a result, if the Capillary conceptual 
model was responsible for the spread of agriculture in the west Mediterranean, it is likely 
that it moved infrequently between indigenous groups even though the spread of the 
Neolithic as a whole moved quickly.   
 
The Maritime Pioneer Colonization Model Results 
The Maritime Pioneer Colonization (MPC) conceptual model emphasizes the 
importance of long distance coastal movement to the spread of the Impresso-Cardial 
Neolithic (See Chapter 4). Yet, the mechanisms of the model are not dissimilar to the 
leapfrog spread model. Farmer agents that live in coastal areas may establish new villages 
nearby using the same procedures as the leapfrog spread model (looking for locations 
with the highest paleoenvironmental value within a given distance) or they can found 
new villages at even further distances along the coast. Farmer agents that do not live near 
the coast only spread by way of the leapfrog routine. Effectively, the model is a 
composite of short land based spread and far maritime spread and was proposed to 
account for an apparent pattern of earlier Neolithic sites in association with coastal areas.   
 
The MPC Model: Parameter Selection and Sensitivity 
In order to better understand the importance of some of the intuitively important 
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parameters, five parameters were selected for the first sensitivity test (See Table 6.1). Just 
as in the other sensitivity tests, only the lowest slope and best wheat locations map were 
used for these initial tests. The maritime movement frequency parameter controls the 
chance a farmer agent has of spreading to a new coastal location by way of sea based 
movement and was chosen because of its obvious importance to the model. Likewise, the 
coastal leap distance parameter controls the maximum distance that can be traveled by 
sea and was tested because of its importance to maritime movement. The coastal leap 
distance parameter had a significant affect upon the results with a maximum maritime 
movement value of 200km producing better results than a distance of 300km (See Table 
6.10). Also, the maritime movement frequency parameter significantly affected the 
results and a likelihood of 25% produced the best correlation results for the lowest slope 
paleoenvironmental map, but not the best wheat locations paleoenvironmental map. 
The farmer fissioning proportion, farmer fission subsistence capacity and the 
initial forager density were also tested due to their importance in triggering the spread of 
farmers and due to their significant affect upon other conceptual models of spread. For 
the MPC conceptual model of spread, these three parameters had no significant affect 
upon the correlation of the model (for both the lowest slope and best wheat location 
paleoenvironmental maps, see Table 6.10).  
In light of the results from the parameter sensitivity tests, a final set of parameters 
was chosen for further testing with all of the paleoenvironmental maps. Since the 
maritime movement frequency parameter significantly affected the model with only one 
of the paleoenvironmental maps, this parameter was included again in the final 
experiments described below. The coastal leap distance parameter was also included 
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again with different distance values, since it also significantly affected the results. The 
three parameters which demonstrated no significant impact upon the map were kept at a 
constant value. Farmer birth rate and farmer strategy were added as new parameters for 
the following experiments (See Table 6.11).  
 
The MPC Model: No Consideration of the Landscape 
In order to assess the impact of the paleoenvironmental maps, this instance of the 
MPC model does not include a paleoenvironmental map to influence the settlement 
choices of farmer agents. Farmer agents in the model choose randomly from the locations 
within their range of movement for the creation of a new settlement and do not consider 
the landscape value of the patch. The maximum correlation value from the MPC model 
with no consideration of the landscape was r=0.443. This was the lowest maximum 
correlation value for the MPC (See Table 6.4). This outcome supports the inclusion and 
importance of paleoenvironmental factors for agent decision making with the MPC 
conceptual spread model. Four other parameters were also tested: farmer strategy, 
maritime movement frequency, farmer birth rate and coastal leap distance; none of these 
parameters significantly affected the outcome of the MPC model in this case (See Table 
6.12) 
 
The MPC Model: Topography Maps 
The MPC Model: Lowest Slope Map 
The lowest slope map resulted in a maximum correlation of r=0.490. This value 
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was much higher than the experiment without consideration of the landscape, but only 
slightly above average for the MPC model as a whole (See Table 6.4). In this case, the 
coastal leap distance parameter significantly affected the correlation values. A coastal 
leap distance of 200km resulted in higher correlation values when compared to a distance 
of 100km (See Table 6.12). In the initial parameter sensitivity test, a distance of 200km 
significantly resulted in better results than 300km. However, in the following 
experiments a distance of 100km sometimes produces better results or the coastal leap 
distance is not significant. It seems likely then that the coastal leap distance parameter is 
influenced by the paleoenvironmental map with which it is used and no one coastal leap 
distance universally produces the best result. 
 
The MPC Model: Paleoclimate Maps 
The MPC Model: Spring Precipitation Map 
The spring precipitation paleoenvironmental map was included in these 
simulations because of the importance spring precipitation would have had for wheat 
yields. The MPC conceptual spread model produced poor results with the spring 
precipitation paleoenvironmental map (r=0.478). None of the parameters tested has a 
significant affect upon the outcome of this experiment (See Table 6.12). Overall, the 
spring precipitation map performs poorly when compared to other paleoenvironmental 
maps regardless of the conceptual spread type being tested (See Table 6.4) 
 
The MPC Model: Minimum March Temperature Map 
The Maritime Pioneer Colonization model stresses the importance of long 
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distance movement along littoral regions. Since favorable locations in the minimum 
march temperature (MMT) paleoenvironmental map are located in coastal regions, the 
results seemed promising. Yet, the maximum correlation value from this experiment was 
r=0.464, the second lowest correlation value for the Maritime Pioneer Colonization 
model (the lowest correlation value was with no paleoenvironmental map, see Table 6.4). 
The Farmer Strategy, Maritime Movement Frequency and Farmer Birth Rate were all not 
found to be statistically significant (See Table 6.12). The Coastal Leap Distance 
parameter significantly affected the results; a coastal leap distance of 100km produced 
much better results (See Table 6.12). Since the distribution of optimal coastal location in 
the MMT map seemed promising, perhaps the poor results can be credited to inland land 
values. In other words, while the map may have corresponded well to the coastal 
movement that occurred in the early Neolithic, it may not relate well to the subsequent 
movement of people inland. Whatever the explanation, the MMT paleoenvironmental 
map produced the lowest correlation value for a paleoenvironmental map with the MPC 
conceptual model of spread. 
 
The MPC Model: Synthetic Maps 
The MPC Model: Slope and Annual Precipitation Map 
The slope and annual precipitation paleoenvironmental map (SAP) resulted in a 
maximum correlation value of r=0.485. While this correlation value is an improvement 
when compared to the experiment with no consideration of the landscape, the correlation 
value is the third lowest (See Table 6.4). Of the four parameters that were tested, none 
significantly affected the results (See Table 6.12). In most cases, paleoenvironmental 
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maps performed consistently when used with the Dual and MPC spread types. 
Interestingly, the SAP paleoenvironmental map resulted in the highest correlation value 
for the Dual model even though the results from the MPC conceptual spread with this 
same paleoenvironmental map model were low. 
 
The MPC Model: Best Wheat Locations Map 
The outcome of the best wheat locations (BWL) paleoenvironmental map and 
MPC conceptual spread model was the third highest for the MPC spread model and 
identical to the lowest slope paleoenvironmental map (r=0.490). The BWL 
paleoenvironmental map is a composite of four maps, one of which is the lowest slope 
map. Since both maps achieved the same correlation value, it seems that the addition of 
other paleoenvironmental parameters did not improve the BWL paleoenvironmental map. 
Farmer strategy, maritime movement frequency, coastal leap distance and farmer birth 
rate had no significant affect upon the outcome of the MPC model in this case (See Table 
6.12). 
 
The MPC Model: Best Wheat Locations and Rivers for Settlement Map 
When paired with the Best Wheat and River Locations for Settlement map, the 
MPC spread model produced a maximum correlation of r = 0.487. The addition of rivers 
for settlement resulted in a slightly lower correlation than the best wheat locations map 
from which it was based (See Table 6.4). Farmer subsistence strategy, farmer birth rate 
and maritime movement frequency all had no significant effects on the results (See Table 
6.12). Only the coastal leap distance parameter significantly affected the outcome with 
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this paleoenvironmental map. A coastal leap distance value of 100km produced 
significantly better correlation values than a distance of 200km but this outcome was not 
repeated with any other paleoenvironmental map. 
 
The MPC Model: Best Wheat Locations and Rivers for Transportation Map 
The BWLRT paleoenvironmental map categorizes land in proximity to rivers as 
coastal which has the effect of allowing long distance transportation along rivers. The 
application of the MPC model to the BWLRT map achieved the MPC’s highest 
correlation value (r = 0.527, See Figure 6.4). None of the parameters tested significantly 
affected the outcome of the model (See Table 6.12). Without rivers, the best wheat 
locations map produced a correlation of r = 0.490. Since all of the other parameter values 
and paleoenvironmental values were identical, the addition of rivers must be the cause of 
this increase. Interestingly, this same paleoenvironmental map also produced a high 
correlation value with the Dual model (See Below). 
 
The MPC Model: Slope and Rivers for Transportation Map 
Similar to the BWLRT paleoenvironmental map, the outcomes from the slope and 
rivers for transportation map correlated highly with the chronosurface. The simulation of 
the MPC model upon the SRT map resulted in the second highest correlation value for 
the MPC model (r=0.523). Unlike the other MPC with the BWLRT map, two parameters 
significantly affected the outcome of the simulation, coastal leap distance and farmer 
birth rate. A Coastal Leap Distance of 200km and a Farmer birth rate of 6.6% produced 
better correlations (See Table 6.12). The inclusion of rivers for transport also improved 
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the correlation value; using slope alone the correlation value was r=0.490. Once again, 
the addition of rivers for transportation clearly improved the results which strongly 
suggests that rivers functioned as important corridors for movement during the early 
Neolithic.  
 
The MPC Model: Conclusions 
The Maritime Pioneer Colonization model was first proposed to account for the 
rapid spread and coastal distribution of early Neolithic settlements. The application of 
this model in the CSM has shown that the model fits the known data well. The highest 
correlation of all of the spread types was achieved with the MPC model and the BWLRT 
paleoenvironmental map (although results from the Dual model are quite similar). The 
two paleoenvironmental maps with the highest correlations for the MPC model include 
rivers as routes for travel and a similar pattern was identified with the Dual model.  
The parameter tests offer several interesting points worth noting. First, the 
maximum coastal leap distance parameter can significantly affect the outcome of the 
model, but the best value is dependent on the specific paleoenvironmental map being 
tested. Each paleoenvironmental map has a unique distribution of coastal values which 
likely affects the optimal coastal leap distance. The farmer strategy, farmer birth rate (in 
all but one case) and interestingly, the frequency of maritime spread had no significant 
affect upon the outcome of correlations.  The maritime movement frequency parameter 
was initially found to be significant with the parameter sensitivity test; yet it was not in 
the subsequent tests (See Table 6.12). It is worth noting, however, that with all but one 
paleoenvironmental map, a maritime movement frequency of 25% resulted in the best 
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correlation values.   
As was discussed previously, the MPC conceptual spread model compares 
favorably with the leapfrog spread when parameters and paleoenvironmental maps are 
accounted for. This strongly suggests that the inclusion of maritime movement is 
responsible for the high correlation values produced with this model and was likely an 
important component of the Impresso-Cardial Neolithic spread.   
 
The Dual Model Results 
The Dual Model combines concepts from all of the three previous conceptual 
models and as such it is the most complex (See Chapter 4). In part, it is intended to 
provide a significant role to indigenous hunter-gatherer populations while at the same 
time emphasizing the importance of prehistoric maritime migration. The Dual model 
includes population pressure as a motivation for the movement of farmers like the Wave 
of Advance and it includes leapfrog spread. It also includes maritime migration just as in 
the MPC model. Additionally, the Dual model applies social networks as a method of 
agricultural spread similar to the Capillary model. In summary, the Dual model is 
composed of leapfrog spread for farmer agents, maritime spread for farmer agents in 
littoral areas, and spread along indigenous forager social networks.  
 
The Dual Model: Parameter Selection and Sensitivity 
The first experiments conducted with the Dual conceptual model of spread were 
conducted on the lowest slope and best wheat locations paleoenvironmental maps. These 
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experiments were conducted for the purpose of identifying important parameters for 
further testing and to eliminate parameters from further tests which had no significant 
impact upon the results. 
  Five initial parameters were tested for the Dual Model: farmer fissioning 
proportion, farmer fission subsistence capacity, maritime movement frequency, initial 
forager density and network model, but only one significantly affected the results – initial 
forager density (See Table 6.13). Simulations that began with only 1% of the landscape 
occupied by foragers produced better correlations. This parameter affected the results in 
the same manner with the Capillary model and the similar result between the two models 
was most likely due to the role of social networks in the Dual model. Likewise, the rapid 
spread which occurred in the Dual model was likely also connected to the spread of 
agriculture along social networks. In some experiments, the spread from the Dual Model 
also occurs too quickly; Figure 6.5 shows a completed model run which produced one of 
the best correlation values but also spans only 400 years. 
The following simulations of the Dual Model use a consistent value for the initial 
five parameters, including an initial forager density of one. Five new parameters were 
included for the subsequent experiments which also included the full range of 
paleoenvironmental maps (See Table 6.14). Due to the importance of population pressure 
in the model, different values for farmer birth rate and farmer subsistence strategy were 
examined. Since the model includes maritime movement, coastal leap distance was 
examined; this parameter limits the distance farmers may move by sea. Also, two 
parameters affecting the spread of agriculture along social networks were tested. Forager 
neighbor transition threshold determines the amount of network connections to 
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agriculturalists needed to cause foragers to adopt agriculture. The dual model farmer 
gatherer interaction radius determines the spatial limit upon farmer and forager 
interactions that might cause agriculturalists to adopt agriculture (See Chapter 5). All 
other parameters remained unchanged throughout the subsequent experiments. 
 
The Dual Model: No Consideration of the Landscape 
For the purpose of understanding the relative performance of the 
paleoenvironmental maps, the Dual Model was first tested without consideration of the 
landscape values. In the simulation, agents first assess which new locations are within 
range of their movement and then evaluate those locations based upon the land value of 
each location. Here, agents choose randomly from locations which are within range of 
movement. This provides an important point of comparison for the paleoenvironmental 
maps. The maximum correlation value for the Dual model without consideration of the 
landscape was r = 0.498. Unlike the MPC model, this value lies in the middle of the 
range of maximum correlation values from paleoenvironmental maps (See Table 6.4). 
The farmer strategy, forager neighbor transition threshold, dual model farmer and 
gatherer interaction radius, farmer birth rate and coastal leap distance parameters all had 
no significant effect on the correlation value (See Table 6.15). 
 
The Dual Model: Topography Maps 
The Dual Model: Lowest Slope Map 
The lowest slope paleoenvironmental map and the Dual model experiment 
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resulted in a correlation of r=0.494, which is slightly lower than the previous experiment 
which did not use a paleoenvironmental map. This suggests that the lowest slope 
paleoenvironmental map does not improve the correlation value from the Dual model. 
None of the five parameters which were tested with this map significantly affected the 
results from the model (See Table 6.15). 
 
The Dual Model: Paleoclimate Maps 
The Dual Model: Spring Precipitation Map 
The maximum correlation value for the spring precipitation paleoenvironmental 
map was r=0.340. This correlation value is below that achieved without consideration of 
the landscape (See Table 6.4). The parameters Farmer Strategy, Forager Neighbor 
Transition Threshold, Farmer and Forager Interaction Radius, Farmer Birth Rate and 
Coastal Leap Distance all had no significant affect upon the results from the Dual Model 
(See Table 6.15). Although spring precipitation would have been important to early 
agriculturalists, this paleoenvironmental map is a poor predictor of settlement choice 
when used with the Dual Model. 
 
The Dual Model: Minimum March Temperature Map 
The outcomes from the Dual Model and the minimum march temperature 
paleoenvironmental map experiments were also some of the lowest from the Dual model, 
just as they were for the MPC conceptual spread model (See Table 6.4). The maximum 
correlation value was only r=0.414. The coastal leap distance parameter had a significant 
affect upon the results, and a value of 200km produced the best results. The other 
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parameters which were tested had no significant effect upon the outcome of the model 
(See Table 6.15). Although this paleoenvironmental map appeared promising because 
optimal locations were associated with coastal areas, the MMT map consistently 
performs poorly (See Table 6.4). 
 
The Dual Model: Synthetic Maps 
The Dual Model: Slope and Annual Precipitation Map 
The Slope and Average Annual Precipitation map (SAP) enabled the Dual Model 
of Neolithic spread to achieve its best results. The Dual Model experiment with the SAP 
map yielded a maximum correlation value of r=0.52 which was the highest correlation 
value achieved with the Dual model and tied with the best overall results from the MPC 
model (See Table 6.4). Results from the parameters were consistent with other tests of the 
Dual model (See Table 6.15). Only the coastal leap distance parameter significantly 
affected the outcome of the model. A maximum Coastal Leap Distance of 200km 
produced better correlation values than 100km. Overall, this result was unique when 
compared to the other paleoenvironmental maps since the use of the SAP 
paleoenvironmental map did not produce high correlations with any other conceptual 
model of spread. 
 
The Dual Model: Best Wheat Locations Map 
The application of the Dual model to the best wheat location map (BWL) resulted 
in the second lowest correlation recorded for the Dual model (r=0.357). This result is 
lower than the experiment which included no consideration of the landscape which 
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implies that this paleoenvironmental information made the results from the Dual model 
worse. As discussed below, the inclusion of rivers for settlement and transportation with 
the BWL map increases the correlation of the map by over 0.15. None of the parameters 
tested in this experiment significantly affected the results (See Table 6.15). 
 
The Dual Model: Best Wheat Locations and Rivers for Settlement Map 
The best wheat locations and rivers for settlement paleoenvironmental map 
(BWLRS) includes the best wheat locations map and an increased value for locations 
which are intersected by rivers. The purpose of the map is to emphasize riverine areas as 
beneficial locations for settlement. The maximum outcome from the Dual model and 
BWLRS paleoenvironmental map (r=0.500) was only slightly better than the maximum 
outcome without consideration of the landscape (r=0.498). On the other hand, the 
BWLRS paleoenvironmental map did perform better than the best wheat locations 
paleoenvironmental map (r=0.357) from which it was based. In this case, no parameters 
significantly influenced the outcome of the Dual Model (See Table 6.15).  
 
The Dual Model: Best Wheat Locations and Rivers for Transportation Map 
The maximum correlation value from the Dual model with the BWLRT 
paleoenvironmental map was one of its highest (r = 0.505) and no parameters 
significantly affected the outcome of the model (See Table 6.15). The best wheat 
locations paleoenvironmental map without rivers only resulted in a maximum correlation 
of r=0.357. Just as in the MPC model, the addition of rivers greatly improved the results. 
The BWLRT map produced some of the highest correlations recorded for both the MPC 
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and Dual spread models. Rivers would have provided natural routes of exploration and 
may enabled Neolithic explorers to travel further in order to find the best location for a 
new farming village and their inclusion as a route of transportation clearly improves the 
results. 
 
The Dual Model: Slope and Rivers for Transportation Map 
Since the inclusion of rivers as routes of transportation has improved upon the 
correlation values in three previous experiments, it is unsurprising that the inclusion of 
rivers once again provided better results. The inclusion of the SRT paleoenvironmental 
map with the Dual Model resulted in the second highest correlation value for the Dual 
model (r=0.510). This is a marked improvement from the experiment with the lowest 
slope map (r=0.494). Just as in the MPC model experiment with this map, the Coastal 
Leap Distance parameter significantly affected the results. A Coastal Leap Distance of 
200km produced better correlations. Additional parameters were not found to alter the 
correlations significantly (See Table 6.15). The SRT map produced the second highest 
correlation values for both the Dual and MPC conceptual models of spread. Given that 
the inclusion of rivers for transportation consistently improves correlation values for both 
spread types and two paleoenvironmental maps, it is clear that rivers must have been an 
influential factor in prehistoric Impresso-Cardial migration. 
 
The Dual Model: Conclusions 
In an effort to understand the Dual model as compared to the other conceptual 
models of spread, the Dual model (and parameters affecting the Dual model) was 
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examined with the aim of understanding and improving upon the outcomes of the model. 
The highest correlation value from the Dual model was achieved with the slope and 
annual precipitation paleoenvironmental map and is 0.01 less than the best correlation 
achieved with the MPC model. It is difficult, therefore, to decisively claim that one 
conceptual model of spread is better than another.  
It is clear that the inclusion of paleoenvironmental factors with the models of 
Impresso-Cardial spread is essential for generating better results within the CSM and that 
the spread of agriculture was likely limited by and spurred by environmental conditions. 
Yet, only half of the paleoenvironmental maps tested with the Dual model improved the 
results when compared to the experiment which did not include any paleoenvironmental 
information. The Dual model makes use of social networks and a consideration of the 
landscape to influence the spread of the Neolithic; thus it is only partially dependent upon 
the landscape by design. This likely explains why only some of the Dual model 
experiments with paleoenvironmental maps were better than the Dual model experiment 
which did not consider the landscape. 
Interestingly, the parameters in the Dual model followed the patterns established 
by the other conceptual models from which it is derived, the Capillary model and the 
MPC model. Similar to the Capillary model experiments, social network configuration 
had no significant effect, while the initial forager density did. Likewise, the significance 
of the coastal leap distance parameter varied from paleoenvironmental map to map just as 
it did with the MPC model. Overall, very few parameters had a significant impact upon 
the correlation with the chronosurface.  
Finally, these experiments with the Dual conceptual model of spread underscore 
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the importance of rivers as routes of transportation for early Neolithic movement. The 
two paleoenvironmental maps which include rivers for transportation, slope and rivers as 
well as best wheat locations and rivers for transportation were the highest for the MPC 
model and the second and third highest values for the Dual model (See Figure 6.5). In 
light of this, the outcomes from the Dual model experiments suggest that the inclusion of 
rivers as routes of transportation was a critical factor for the expansion of agriculture 
across the western Mediterranean.  
 
Conclusion 
The purpose of the CSM was not to address one hypothesis for the Impresso-
Cardial Neolithic or to proclaim one Neolithic spread model superior to the others. The 
CSM was designed with three goals in mind. The first purpose of the CSM was to test 
hypotheses for the spread of the Neolithic in the west Mediterranean relative to one 
another and the second purpose of the CSM was to provide a platform for testing the 
unknown factors that would have contributed to these spread models. The unknown 
factors included such things as the number of indigenous foragers living in the west 
Mediterranean, the social networks connecting such groups and the distances groups 
might travel by land or sea. Third, maps of paleoenvironmental factors were tested with 
the aim of understanding the landscape conditions that migrating agropastoral groups 
preferred.  
A variety of parameters and paleoenvironmental maps were evaluated with 
respect to their outcome for each Neolithic spread model. Through this process, the 
influential and inconsequential components of each spread model were identified. The 
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importance of paleoenvironmental conditions to the spread models was demonstrated and 
more specifically, the importance of rivers as vectors of transportation was also advanced.  
The experiments conducted with the CSM have confirmed that the Maritime 
Pioneer Colonization and Dual conceptual models best fit the currently available 
archaeological evidence. However, the limited evidence about indigenous groups makes 
judgment between the two models uncertain. The simulations carried out with the CSM 
have provided a substantial insight into the Impresso-Cardial spread and in the process 
have left a number of new questions. The large number of parameters and parameter 
values discussed in this chapter make it difficult to understand some of the larger 
questions and themes that are the ultimate goal of this experiment. In the next chapter I 
summarize and evaluate these results with the goal of addressing some of the large scale 
issues and questions that surround the Impresso-Cardial Neolithic spread. 
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Table 6.2. Parameters Tested for the Wave of Advance spread with the lowest slope and 
the best wheat location paleoenvironmental map. Significance tested with the Analysis of 
Variance Test.  
Slope	Map	 		 Best	Wheat	Locations	Map	
farmer.fissioning.proportion	
Mean	R	
Value	 farmer.fissioning.proportion	
Mean	R	
Value	
25	 0.1720	 25	 0.1712	
50	 0.2072	 50	 0.2040	
		
	
		 		
F=	 4.36E-11	 F=	 6.31E-11	
farmer.fission.	
subsistence.capacity	
Mean	R	
Value	
farmer.fission.	
subsistence.capacity	
Mean	R	
Value	
10	 0.1514	 10	 0.1516	
25	 0.1742	 25	 0.1740	
50	 0.2009	 50	 0.1981	
75	 0.2318	 75	 0.2267	
		
	
		 		
F=	 2.00E-16	 F=	 2.00E-16	
farmer.birth.rate	
Mean	R	
Value	 farmer.birth.rate	
Mean	R	
Value	
6.4	 0.1740	 6.4	 0.1722	
6.6	 0.1838	 6.6	 0.1826	
6.8	 0.1949	 6.8	 0.1922	
7	 0.2058	 7	 0.2034	
		
	
		 		
F=	 1.60E-05	 F=	 8.61E-06	
initial.forager.density	
Mean	R	
Value	 initial.forager.density	
Mean	R	
Value	
1	 0.1845	 1	 0.1827	
5	 0.1947	 5	 0.1925	
		
	
		 		
F=	 0.0716	 F=	 0.064	
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 Table 6.3. Final Parameters Tested and Chosen for the Wave of Advance Model. 
Model	
Parameter	 Description	 Values	
forager-land	
(initial	forager	
density)	
The	proportion	of	land	within	the	
study	area	that	is	inhabited	by	
foragers.	 1%,	5	%	
farmer-birth-
rate	
The	per	capita	rate	at	which	a	
new	person	is	added	to	a	village.	 7%	
farmer-
fissioning-	
proportion	
The	proportion	of	a	village	that	
fissions	to	form	a	new	village	 50%	
farmer-
fission-	
subsistence-
capacity	
The	relative	proportion	of	the	
maximum	carrying	capacity	at	
which	a	village	will	fission.	 75%	
Forager-
Group-Size	
The	number	of	foragers	that	each	
forager	group	starts	the	
simulation	with	 30,	50	
farmer-
strategy	
The	proportion	of	domestic	and	
wild	resources	used	by	
agropastoralists	which	helps	
determine	the	carrying	capacity	
of	a	patch.		
%Crops	%Herds	%Plants	%Hunting																																																								
65%				25%				5%					5%,																																					
62.5%		22.9%		2.8%		11.8%	
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Table 6.4. Correlation Values from the Cardial Spread Model.  
Spread Type Paleoenvironmental Map Max Correlation Value 
 
No Consideration of the Landscape 0.294 
Wave Lowest Slope 0.300 
of Spring Precipitation 0.299 
Advance Minimum March Temperature 0.296 
Model Slope and Annual Precipitation 0.304 
 
Best Wheat Locations (BWL) 0.300 
  BWL and Rivers for Settlement 0.303 
 
No Consideration of the Landscape 0.479 
Leapfrog Lowest Slope 0.484 
Model Spring Precipitation 0.476 
 
Minimum March Temperature 0.482 
 
Slope and Annual Precipitation 0.479 
 
Best Wheat Locations 0.476 
  BWL and Rivers for Settlement 0.475 
 
No Consideration of the Landscape 0.473 
Capillary Lowest Slope 0.465 
Spread  Spring Precipitation 0.444 
Model Minimum March Temperature 0.456 
 
Slope and Annual Precipitation 0.439 
 
Best Wheat Locations 0.436 
  BWL and Rivers for Settlement 0.440 
 
No Consideration of the Landscape 0.443 
Maritime Lowest Slope 0.490 
Pioneer Spring Precipitation 0.478 
Colonization Minimum March Temperature 0.464 
 
Slope and Annual Precipitation 0.485 
 
Best Wheat Locations 0.490 
 
BWL and Rivers for Settlement 0.487 
 
BWL and Rivers for Transportation 0.527 
  Slopes and Rivers for Transportation 0.523 
 
No Consideration of the Landscape 0.498 
The Lowest Slope 0.494 
Dual Spring Precipitation 0.340 
Model Minimum March Temperature 0.414 
 
Slope and Annual Precipitation 0.525 
 
Best Wheat Locations 0.357 
 
BWL and Rivers for Settlement 0.500 
 
BWL and Rivers for Transportation 0.505 
  Slopes and Rivers for Transportation 0.510 
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Table 6.7. Parameters tested for the Capillary spread model with the lowest slope and the 
best wheat location paleoenvironmental map. Significance tested with the Analysis of 
Variance Test. 
Slope	Map	 Best	Wheat	Locations	Map	
Forager.Neighbor.	
Transition.Threshold	
Mean	R	
Value	
Forager.Neighbor.	
Transition.Threshold	
Mean	R	
Value	
3	 0.1891	 3	 0.1537	
10	 0.1869	 10	 0.1523	
		
	
		 		
F=	 0.922	 F=	 0.918	
network.model	
Mean	R	
Value	 network.model	
Mean	R	
Value	
Inverse	Distance	Network	 0.1817	 Inverse	Distance	Network	 0.1511	
Nearest	Neighbor	5	Link	
Network	 0.1988	
Nearest	Neighbor	5	Link	
Network	 0.1570	
Random	5	Link	Network	 0.1834	 Random	5	Link	Network	 0.1510	
		
	
		 		
F=	 0.92	 F=	 0.99	
capillary.spread.frequency	
Mean	R	
Value	 capillary.spread.frequency	
Mean	R	
Value	
1	 0.3885	 1	 0.3613	
25	 0.0902	 25	 0.0528	
50	 0.0852	 50	 0.0449	
		
	
		 		
F=	 2.00E-16	 F=	 2.00E-16	
initial.forager.density	
Mean	R	
Value	 initial.forager.density	
Mean	R	
Value	
1	 0.2507	 1	 0.2133	
5	 0.1283	 5	 0.1250	
10	 0.1252	 10	 0.1207	
		
	
		 		
F=	 1.33E-08	 F=	 5.08E-08	
forager.link.distance	
Mean	R	
Value	 forager.link.distance	
Mean	R	
Value	
50	 0.2371	 50	 0.1933	
200	 0.1389	 200	 0.1354	
		
	
		 		
F=	 1.11E-05	 F=	 1.34E-04	
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Table 6.8. Final parameters tested for the Capillary spread model. 
Model	
Parameter	 Description	 Values	
forager-land	
(initial	forager	
density)	
The	proportion	of	land	within	the	study	area	
that	is	inhabited	by	foragers.	
1%,	5	%	
capillary-
spread-
frequency	
The	annual	%	chance	that	agriculture	may	
spread	to	a	forager	group.		
0.25%,	0.50%,	0.75%,	
1%		
network-
model	
Specific	rules	which	govern	how	networks	are	
formed	within	the	simulation	
Random	Network	
forager-link-
distance	
The	maximum	distance	(km)	within	which	
farmers	may	form	social	network	links	with	
one	another	
25,	50	km	
farmer-birth-
rate	
The	per	capita	rate	at	which	a	new	person	is	
added	to	a	village.	 6.2%,	6.6	%	
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Table 6.10. Parameters tested for the Maritime Pioneer Colonization model with the 
lowest slope and the best wheat location paleoenvironmental map. Significance tested 
with the Analysis of Variance Test. 
Slope	Map	 Best	Wheat	Locations	Map	
farmer.fissioning.proportion	
Mean	R	
Value	 farmer.fissioning.proportion	
Mean	R	
Value	
50	 0.4747	 50	 0.3479	
75	 0.3326	 75	 0.0838	
		
	
		 		
F=	 0.211	 F=	 0.202	
farmer.fission.	
subsistence.capacity	
Mean	R	
Value	
farmer.fission.	
subsistence.capacity	
Mean	R	
Value	
25	 0.4141	 25	 0.2346	
50	 0.4039	 50	 0.2149	
75	 0.3931	 75	 0.1980	
		
	
		 		
F=	 0.115	 F=	 0.109	
maritime.movement.frequen
cy	
Mean	R	
Value	 maritime.movement.frequency	
Mean	R	
Value	
25	 0.4205	 25	 0.2351	
50	 0.4008	 50	 0.2103	
75	 0.3898	 75	 0.2020	
		
	
		 		
F=	 0.0203	 F=	 0.147	
initial.forager.density	
Mean	R	
Value	 initial.forager.density	
Mean	R	
Value	
1	 0.4040	 1	 0.2183	
5	 0.4040	 5	 0.2160	
10	 0.4031	 10	 0.2132	
		
	
		 		
F=	 0.947	 F=	 0.826	
coastal.leap.distance	
Mean	R	
Value	 coastal.leap.distance	
Mean	R	
Value	
200	 0.4247	 200	 0.2379	
300	 0.3827	 300	 0.1938	
		
	
		 		
F=	 8.90E-05	 F=	 0.0177	
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Table 6.11. Final parameters tested for the Maritime Pioneer Colonization model. 
Model	
Parameter	 Description	 Values	
forager-land	
(initial	forager	
density)	
The	proportion	of	land	within	
the	study	area	that	is	inhabited	
by	foragers.	 5%	
farmer-birth-
rate	
The	per	capita	rate	at	which	a	
new	person	is	added	to	a	village.	 6.6	%	7.0	%		
maritime-
movement-	
frequency	
Annual	%	chance	that	a	
fissioning	village	will	spread	via	
maritime	expansion	 25%	
coastal-leap-
distance	
The	maximum	distance	(km)	
within	which	farmers	may	
spread	to	coastal	patches	with	
the	Maritime	spread.	 100,	200km		
farmer-
fissioning-	
proportion	
The	proportion	of	a	village	that	
fissions	to	form	a	new	village	 25	
farmer-fission-	
subsistence-
capacity	
The	relative	proportion	of	the	
maximum	carrying	capacity	at	
which	a	village	will	fission.	 25	
farmer-strategy	
The	proportion	of	domestic	and	
wild	resources	used	by	
agropastoralists	which	helps	
determine	the	carrying	capacity	
of	a	patch.		
%Crops	%Herds	%Plants	%Hunting																																																								
65%				25%				5%					5%,																																					
62.5%		22.9%		2.8%		11.8%	
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Table 6.13. Parameters tested for the Dual model with the lowest slope and the best 
wheat location paleoenvironmental map. Significance tested with the Analysis of 
Variance Test. 
Slope	Map	 Best	Wheat	Locations	Map	
farmer.fissioning.proportion	
Mean	R	
Value	 farmer.fissioning.proportion	
Mean	R	
Value	
25	 0.2323	 25	 0.0287	
50	 0.2235	 50	 0.0288	
		
	
		 		
F=	 0.744	 F=	 0.979	
farmer.fission.	
subsistence.capacity	
Mean	R	
Value	
farmer.fission.	
subsistence.capacity	
Mean	R	
Value	
25	 0.2373	 25	 0.0284	
50	 0.2260	 50	 0.0287	
75	 0.2204	 75	 0.0291	
		
	
		 		
F=	 0.607	 F=	 0.915	
maritime.movement.frequen
cy	
Mean	R	
Value	 maritime.movement.frequency	
Mean	R	
Value	
50	 0.2298	 50	 0.0295	
75	 0.2260	 75	 0.0280	
		
	
		 		
F=	 0.888	 F=	 0.147	
initial.forager.density	
Mean	R	
Value	 initial.forager.density	
Mean	R	
Value	
1	 0.2822	 1	 0.0441	
5	 0.2095	 5	 0.0232	
10	 0.1920	 10	 0.0189	
		
	
		 		
F=	 0.00705	 F=	1.10E-05	
network.model	
Mean	R	
Value	 network.model	
Mean	R	
Value	
Inverse	Distance	Network	 0.2205	 Inverse	Distance	Network	 0.0279	
Nearest	Neighbor	5	Link	
Network	 0.2396	 Nearest	Neighbor	5	Link	Network	 0.0302	
Random	5	Link	Network	 0.2236	 Random	5	Link	Network	 0.0281	
		
	
		 		
F=	 0.824	 F=	 0.91	
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Table 6.14. Final parameters tested for the Dual model. 
Model	Parameter	 Description	 Values	
forager-land	
(initial	forager	
density)	
The	proportion	of	land	within	
the	study	area	that	is	inhabited	
by	foragers.	 1%	
farmer-birth-rate	
The	per	capita	rate	at	which	a	
new	person	is	added	to	a	
village.	 6.6%,	7%	
farmer-fissioning-	
proportion	
The	proportion	of	a	village	that	
fissions	to	form	a	new	village	 25%	
farmer-fission-	
subsistence-
capacity	
The	relative	proportion	of	the	
maximum	carrying	capacity	at	
which	a	village	will	fission.	 25%	
farmer-strategy	
The	proportion	of	domestic	
and	wild	resources	used	by	
agropastoralists	which	helps	
determine	the	carrying	
capacity	of	a	patch.		
%Crops	%Herds	%Plants	%Hunting																																																								
65%				25%				5%					5%,																																					
62.5%		22.9%		2.8%		11.8%	
maritime-
movement-	
frequency	
Annual	%	chance	that	a	
fissioning	village	will	spread	via	
maritime	expansion	 25%	
coastal-leap-
distance	
The	maximum	distance	(km)	
within	which	farmers	may	
spread	to	coastal	patches	with	
the	Maritime	spread.	 100,	200km		
network-model	
Specific	rules	which	govern	
how	networks	are	formed	
within	the	simulation	 Random	5	link	Network	
Forager-Neighbor-	
Transition-
Threshold	
The	number	of	agriculturalists	
on	neighboring	patches	which	
will	trigger	forager	adoption	of	
agriculture.	 1,3,5	
dual-model-
farmer-gatherer-
interaction-radius	
The	maximum	distance	(km)	
within	which	foragers	can	
detect	and	interact	with	
farmers	 25,	50	km	
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Chapter 7: A Consideration of Results from the Cardial Spread Model 
 
During the Impresso-Cardial Neolithic, agriculture spread across the west 
Mediterranean with unusual speed and by way of unknown mechanisms. In the previous 
chapter, the results of computational experiments meant to test conceptual models, 
unknown social and economic factors as well as the importance of paleoenvironmental 
conditions were described. To better understand the answers to these questions, this 
chapter summarizes the outcomes from the computational model with respect to 
paleodemography, indigenous populations and the four conceptual models of Neolithic 
spread. 
 
Paleodemography and the Impresso-Cardial Neolithic Spread 
A considerable amount of attention had been paid by archaeologists to the role of 
demographic changes in the spread of the Neolithic (Bentley et al., 1993; Bocquet-Appel, 
2009; Bocquet-Appel and Bar-Yosef, 2008). It is generally believed that the 
dependability of domestic food, number of overall calories and/or reduced birth spacing 
lead to a reproductive benefit for agropastoralists, which ultimately lead to higher 
population growth for agropastoral communities. The increased population and the 
resulting population pressure is often credited as a driving force for Neolithization. In the 
CSM, the benefit of domestic foods is assumed and the population rates that were tested 
for agriculturalists all led to growing populations. This assumption is necessary since all 
of the models depend on continued population growth to some degree. The use of the 
CSM provided the opportunity to study a variety of demographic parameters: Farmer 
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Fissioning Proportion, Farmer Fission Subsistence Capacity, Farmer Strategy and Farmer 
Birth Rate. 
In the first set of experiments using the Best Wheat Locations map and Slope map, 
the parameters Farmer Fissioning Proportion and Farmer Fission Subsistence Capacity 
were tested. Farmer Fissioning Proportion denotes the proportion of a village which 
leaves to form a new village once the population limit of a village has been reached. 
Farmer Fission Subsistence Capacity is the proportion of the subsistence capacity that can 
be reached before the village must fission. Put simply, these parameters determine at 
what point a new village must be created and the proportion of that population that leaves 
to found a new village. Both model parameters had a significant impact upon the Wave of 
Advance model, due to the importance of population to this conceptual model, but did not 
significantly affect the outcome of the Dual and MPC models.  
Farmer Strategy is the contribution of wild and domestic plants to an 
agropastoralist’s subsistence strategy (S.A. Gregg, 1988; Robb and van Hove, 2003). 
This value is used to calculate the maximum number of people that can live in a village 
(the carrying capacity of a patch). Farmer Strategy was tested for the Maritime and Dual 
models but also never significantly affected the results. 
The birth rates tested were based upon ethnoarchaeological research and 
archaeologically based population rates (Bentley et al., 1993; Bocquet-Appel, 2002). 
Only in the Wave of Advance model did an increased Farmer Birth Rate consistently lead 
to better results. Higher population rates lead farmers to spread further in the Wave of 
Advance model. Since the Wave of Advance does not spread throughout the Western 
Mediterranean in the time allotted, the further the spread the better the correlation values. 
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There is not such a simple relationship between birth rate and the other three conceptual 
models of Neolithic spread. Farmer Birth Rate was not statistically significant for the 
Dual Model, lower Birth Rates were significantly better for the Capillary model and, 
although Farmer Birth Rates were only significant once with the MPC model, lower 
Farmer Birth Rates usually led to slightly better correlation values (See Tables 6.5, 6.6, 
6.10 and 6.12). While these relationships are difficult to generate conclusions from, they 
underscore an important point. The apparent speed of the Impresso-Cardial Neolithic 
expansion gives the impression that population rates must have been unusually high. Yet 
for all but the Wave of Advance spread model, arriving “on time” and spreading across 
the west Mediterranean is not difficult. In fact, in the case of the Capillary spread and the 
Dual Spread, agriculturalists tend to spread too quickly. It seems that with all of the 
models, the difficulty lies in reproducing the spatial patterns indicated in the 
chronological record and represented with the chronosurface. Demographic parameters 
affect the speed of agropastoral spread, but have little effect on its direction. Clearly, 
demographic changes were important to the overall spread of agriculture, but from these 
experiments it appears that they were no more important for the Impresso-Cardial spread. 
 
Foragers and the Cardial Neolithic Spread 
The combination of unique material culture traits, a brand-new method of food 
procurement and a seemingly rapid transition has led archaeologists to focus upon 
prehistoric agricultural migration as the main cause of the Impresso-Cardial Neolithic 
revolution. Of course, a complete understanding of the Impresso-Cardial Neolithic 
transition necessitates the inclusion of indigenous hunter-gatherer groups. It is for this 
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reason that two of the conceptual models of Neolithic spread explicitly include 
indigenous hunter-gatherers as actors within this transition. The Capillary and Dual 
Neolithic spread models stress the importance of indigenous foraging groups to the 
Impresso-Cardial spread. In the Capillary spread model, agropastoralism spreads along 
network connections. Likewise, agropastoralism spreads along forager network 
connections and through Forager and Farmer interactions in the Dual Model. The 
Maritime Pioneer Colonization model and the Wave of Advance model do not describe 
specific roles for foragers, but in these models foragers may adopt agriculture when they 
come in contact with farmers.  
Since the size and distribution of forager populations at the time of the 
introduction of the Neolithic remains an open question, the initial forager density 
parameter (IFD, referred to as forager-land in the simulation) was of interest for all four 
conceptual models of spread. Initial forager densities of 1%, 5% and 10% were tested as 
representative of low, medium and high values that have been identified by previous 
research (Kaplan et al., 2009; Kelly, 1995; Whallon, 2006). As the MPC and Wave of 
Advance models are described, foragers are not intended to have a significant role. 
Nevertheless, foragers may become farmers when contacted by them and this addition to 
the overall farmer population could affect the overall fit of a conceptual model. However, 
IFD had no significant affect upon the MPC model and was significant only once for the 
Wave of Advance model.  
Moreover, since foragers play important roles in the Capillary and Dual models, 
initial forager density was expected to play an important role and in this case it did 
significantly affect the outcome of the results. An IFD of 1% produced better results for 
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both models. Both models result in agriculture spreading too quickly and a low IFD 
effectively slows down the overall rate of spread. On the other hand, a low IFD results in 
a reduced overall role for indigenous hunter gatherers in the Capillary spread. As forager 
agents adopt agriculture they become farmer agents that may produce new farmer agents. 
When there are very few foragers, most of the “spreading” is accomplished by farmer 
descendants of the initial small number of foragers. The low IFD value leads to a 
diminished role for Capillary spread and network spread in the Dual model between 
hunter-gatherers. Essentially, the argument could be made that the Dual and Capillary 
models produced better results as the importance of network spread between hunter-
gatherers was reduced.  
The other forager related parameters which were tested were specific to the 
Capillary and Dual conceptual models. Network configuration and Forager Neighbor 
Transition had no significant effect upon the Neolithic spread models. The maximum 
forager link distance parameter was significant; shorter distances of 50km produced 
better results than distances of 200km. Due to the issues with the speed of the Capillary 
and Dual models, shorter link distances were responsible for slowing the speed of 
agricultural spread and lead to better correlations with the archaeological data.  
At first glance, results from the CSM do not support the notion that Foragers were 
important to the spread of the Impresso-Cardial Neolithic. The density of foragers only 
affects the Capillary and Dual models, and in those cases higher densities negatively 
affect the results. If one views the Dual Model as a combination of the MPC and 
indigenous foragers, then the better results from the MPC suggest the addition of more 
indigenous foragers makes the result slightly worse. The CSM, however, was not truly 
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designed to test the role of foragers, it was designed to test (and was constrained by) 
conceptual models that feature foragers. For this reason, the importance of Forager 
groups should not be discounted. Foragers may have affected the spread of agriculture in 
ways not outlined by these conceptual models. Consider a model in which foragers act as 
a barrier to Neolithic settlement, or a scenario in which foragers are not randomly 
distributed across the landscape and are instead concentrated along littoral areas or are 
more densely grouped in certain regions. Both models could strongly affect the 
distribution and spread of the Neolithic even with small numbers of foragers. 
Unfortunately, the first model is beyond the scope of this project, and compiling a map of 
indigenous landuse before the spread of the Neolithic is not possible due to the lack of 
research in some areas (e.g. central Italy and the Meseta region of the Iberian Peninsula, 
see Figure 7.1). Finally, it is important to note that forager farmer interactions may have 
played a crucial role in certain locations but may not have been important over the whole 
area. For instance, dense populations of foragers may have rapidly adopted agriculture in 
southern France while playing no role in Italy. Obviously such variations would be 
difficult to capture with the conceptual models tested here. It remains to be decided then 
if indigenous foragers are important to the spread of agriculture in the west 
Mediterranean, but the insight provided by the CSM suggests that even at their highest 
hypothetical densities the impact of foragers upon the spread of agriculture would have 
minimal impact within the constraints of these conceptual models.  
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Paleoenvironmental Factors Influencing the Spread of the Impresso-Cardial 
Neolithic 
Despite the recognition by most archaeologists that paleoenvironmental 
conditions would have limited or promoted the spread of a subsistence strategy based 
upon domestic foods, very few studies have included such information. In an effort to 
understand the role paleoenvironmental conditions might have had for the spread of the 
Neolithic in the west Mediterranean, spatially explicit paleoenvironmental data from the 
PMIP3 project was integrated into the CSM. With this information, farmer agents were 
able to choose where to establish new villages based upon optimizing the included 
paleoenvironmental factor(s). By including this information in the CSM, this project 
aimed to identify environmental factors that may have been important to prehistoric 
agriculturalists.  
The maps of paleoenvironmental information had a minimal impact upon the 
Wave of Advance. All of the experiments in which farmer decisions took into account 
paleoenvironmental conditions performed better than the experiment which ignored the 
landscape, but the differences are minimal (See Table 6.4). Since the agents in the Wave 
of Advance model can only expand to locations adjacent to the patch they currently 
occupy, agent choice based upon the paleoenvironmental factor has little impact. In the 
case of the Leapfrog spread, half of the paleoenvironmental maps resulted in higher 
correlations than the experiment without consideration of the environment, but the 
difference between these correlations is minimal (<0.01, see Table 6.4). The Capillary 
model was also largely unaffected by paleoenvironmental conditions; the maximum 
correlation value was achieved with no consideration of the landscape (See Table 6.4). 
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The principal driving force for neolithization in the Capillary model is the spread of 
agriculture across forager social networks. This mechanism makes no allowance for the 
environmental conditions of the foragers, effectively reducing the impact of the 
paleoenvironmental maps. 
However, paleoenvironmental conditions did impact the correlation of results 
from the CSM and the chronosurface for both the Dual and MPC models. The highest 
correlation from the Dual model was 0.03 higher than the experiment which did not 
consider the landscape. Likewise, the best correlation from the MPC model was 0.08 
higher than the experiment which ignored the land, and all of the MPC model values 
were higher than the experiment which ignored the land. Both of these models include 
long distance maritime movement, and the inclusion of paleoenvironmental information 
improves the accuracy of movement over these longer distances. 
At this point it would be reasonable to ask, ‘what environmental factor is the most 
important?’ Unfortunately, no clear-cut answer was suggested from the experiments 
conducted with the CSM; instead the outcomes of these tests were a bit more nuanced. 
The best paleoenvironmental maps from the Dual Neolithic spread model do not 
correspond to those from the MPC model, and in some cases paleoenvironmental maps 
produced correlation values that were lower than using no map at all.  The map which 
yielded the highest correlation with the Dual model was the Slope and Annual 
Precipitation map. This map was created to highlight locations that would have seen 
productive conditions year round (as opposed to for wheat only in the spring). When 
utilized in the MPC model, the Slope and Annual Precipitation map was unexceptional 
(See Table 6.4). Although no one paleoenvironmental map was consistently correlated 
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the highest across all spread types, it appears that one environmental factor was. 
The best correlation value from the MPC model was achieved with the use of the 
Best Wheat Locations and Rivers Nulled map. This map ranked the landscape using 
factors that would have been beneficial for the production of winter wheat. In addition, 
major rivers were turned into null values which made it possible for farmer agents to 
travel along rivers in the same manner as they would coastal locations. Effectively, this 
means that land along rivers can be reached and departed using the maritime rules that 
allow movement over longer distances between other maritime locations. Interestingly, 
the next highest correlation for the MPC model was the Slope and Rivers map, which 
also affects rivers in the same manner. Although not the highest correlation values, these 
same two maps resulted in the second and third highest values for the Dual spread model 
as well. In sum, these results strongly suggest that rivers functioned as important vectors 
for long distance movement for early Neolithic groups. 
In addition to the inclusion of rivers, the best results from the MPC and Dual 
models also have Slope as an important factor. Both of the top Dual model experiments 
and the second and third highest MPC model runs include slope as one of the two factors 
used to create the map. Slope was included as a paleoenvironmental factor because of the 
importance low slope areas would have had for early agriculture. However, this 
landscape characteristic might also be important simply because it would tend to lead 
farmer agents away from settlement in the mountains. Nevertheless, slope appears to be 
an important factor for predicting the spread of early agriculture. 
Unfortunately, most of the outcomes from the best wheat locations composite 
map and the individual paleoenvironmental factors from which it was derived (excluding 
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Slope) did not perform particularly well (See Table 6.12).  Surely, these factors would 
have been important for early agropastoralists, but there are many potential reasons for 
their ineffectiveness in these simulations. For instance, it may have been difficult for 
Neolithic farmers to observe these environmental features before choosing a village 
location. Also, the paleoclimatic models or their interpolation may have resulted in a poor 
match to the actual paleoenvironmental conditions. Although dependent upon wheat, 
early agriculturalists may have favored locations that benefited other aspects of their 
subsistence (e.g. good grazing nearby). Ultimately, other untested factors may have been 
important too (e.g. local vegetation or the amount of semi-cleared land). These 
experiments do underscore the likely importance of major rivers as routes of 
transportation and the importance of avoiding areas of high slope. More importantly, 
these experiments suggest that local environmental conditions played an important role 
for the spread of the Impresso-Cardial Neolithic which future models of Neolithic spread 
must account for. 
 
The Wave of Advance Model 
In the Wave of Advance model, population growth spurred on by the use of 
domestic plants and animals continually forces agriculturalists to found new settlements 
(Ammerman and Cavalli-Sforza, 1971, 1984). New settlements are founded in proximity 
to the old settlements, and a proportion of the old settlement moves to the new one in 
order to relieve the population pressure upon the parent settlement. This phenomenon 
leads to a wave of new agricultural settlements which spread outward from a single origin 
point. More than any other conceptual model, the Wave of Advance model is dependent 
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upon population as a driving factor for agropastoralist expansion, but it does not seem 
that population is enough to spread agriculture across the west Mediterranean within the 
timeframe of the Neolithic. 
When compared to the other three models of Neolithic spread, the Wave of 
Advance model yielded the worst correlation values. The average correlation value from 
the Wave of Advance model tests was 0.30, and overall the Wave of Advance yielded the 
lowest maximum correlation values. The reason the Wave of Advance model produces 
poor results is simply a matter of not having enough people to fill the landscape, as was 
first suggested by Robb and van Hove (2003). High population rates, low carrying 
capacities and foragers willing to adopt agriculture improved the correlation, but 
agriculture never reached the entire study area. The inclusion of landscapes which 
featured modeled paleoenvironmental factors did little to improve the results. It is simply 
not possible for population to increase fast enough to fill the entire study area one 
neighboring patch at a time.  
The leapfrog model works on the same principles as the Wave of Advance model, 
but allows agriculturalists to move to patches within a specified radius (instead of only 
patches that are neighboring). This simple programmatic adjustment changes the 
maximum correlation value from r=0.30 to r=0.48. In the Wave of Advance model, 
farmer settlements are prevented from expanding to new settlements once they are 
surrounded by agriculturalists. The inclusion of “leaping” to this model allows for more 
farmer settlements to contribute longer to the population wave of agriculturalists. The 
result suggests that population pressure can be a sufficient trigger for the expansion of the 
Impresso-Cardial Neolithic if forager agents are allowed to move greater distances. 
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Overall, the crucial tenet of the Wave of Advance model -- that population pressure 
serves as a crucial factor for the expansion of the Neolithic -- seems to hold true. Yet long 
distance expansion seems to be a vital factor the Wave of Advance model needs to 
include in order to better model the spread of the Neolithic in the west Mediterranean.    
 
The Capillary Model 
In order to emphasize the importance of indigenous groups to the spread of the 
Neolithic in the west Mediterranean, the Capillary model highlights the role of social 
networks to the spread of the Neolithic. Social connections between foragers provide the 
route via which agropastoral subsistence can spread to a new group. From the perspective 
of creating a computational model, the Capillary spread model presented the most 
unknowns. The number of foragers that might have inhabited the west Mediterranean, the 
location of their settlements and their connections to one another cannot be estimated 
reliably from the current archaeological record. Moreover, the Capillary model makes no 
mention of what happens once foragers become farmers (Vicent Garcia, 1997). For the 
purpose of the CSM, farmers expand in a leapfrog fashion; of course, this may not be 
what was intended. Before the Capillary model could be evaluated, a number of concepts 
had to be understood. Thankfully, the agent-based modeling approach of the CSM allows 
for the examination and exploration of unknown parameters such as these.  
The initial density of foragers randomly positioned across the study area was an 
important variable to the Capillary spread. An initial density of 1% produced the highest 
correlations, rather than 5% or 10%. The effect of such a low density upon the model 
would be to reduce the number of possible network connections (since they have to be 
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within a given radius) and to reduce the overall number of forager agents. This has the 
effect of slowing the speed of the spread of agriculture via networks and gives a greater 
role to the land based migration of farmers. The random chance of spread along social 
network connections also had a strong influence upon the correlation value, with a low 
frequency of 1% yielding the best outcomes. This parameter also would have slowed the 
spread of agriculture along network connections and may have resulted in a more 
significant role for farmer migration. Likewise, a lower farmer birth rate often resulted in 
significantly better correlation values; effectively slowing the spread of agriculture in the 
model (although this would not have slowed the spread of agriculture by way of network 
connections). All of these parameters significantly improved results by slowing the speed 
of agriculture’s spread.  
As a result of the importance of networks to this spread model conceptually, the 
unimportance of networks to the outcome of the Capillary model was unanticipated. A 
randomly attached network, a network which favored foragers nearby and a network 
which favored foragers further away were assessed using the CSM. Despite testing three 
seemingly distinctive social network configurations, social networks did not significantly 
impact the outcomes of the Capillary model. Similarly, the maximum distance for social 
networks had no significant influence upon the correlation value of the model. Although 
puzzling, a possible explanation for the lack of impact from social network parameters 
could lie in the random distribution of the foragers. The random distribution of foragers 
may effectively mitigate the importance of how they were connected.  
Indigenous foragers were almost certainly not randomly distributed across the 
landscape. They may have inhabited coastal areas, riverine areas or locations that 
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intersected uplands and lowlands in order to make use of resources in both zones. 
Foragers may have been regularly spaced from one another, or they may have been 
denser in certain regions. These spatial configurations might greatly influence the results 
from the Capillary Spread model. A distribution map of Mesolithic sites could 
hypothetically be used to create a more accurate map of indigenous forager habitation, 
but unfortunately research into the Mesolithic has not been systematically carried out in 
many places (See Figure 7.1). A distribution map of the Mesolithic would likely reflect 
more about archaeological research than prehistoric habitation dynamics. 
Although the best maximum correlation from the Capillary model is lower, the 
maximum correlation values from the Capillary Spread model (r= 0.43 – 0.47) lie within 
the range of both the Dual and MPC models. The correlations were unaffected by the 
underlying map (see Table 6.4), which is unsurprising given the spread of agriculture 
along social networks instead of via migration. Unlike the other spread models whose 
results were consistent, the Capillary model did not consistently spread to the entire study 
area in every case. Some Capillary spread parameter configurations resulted in a partial 
spread (See Figure 6.3). The explanation for this inconsistency is not certain but likely 
relates to the random distribution of foragers upon the landscape.  
Despite a few instances of slow spread, the Capillary model usually spread too 
quickly. For instance, in Figure 7.2 the Impresso-Cardial spread as modeled by the 
Capillary model is complete by 5800 cal BC, 1800 years before it should be finished. The 
rapid spread of the Capillary model does not affect the correlation value because the 
regression only measures the extent to which the spatial patterns match. The rapid spread 
which occurs with the Capillary Spread model does explain the significance of 
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parameters that reduce the overall speed of spread. Unlike a farmer village which can 
only fission once it has reached a population limit, spread along social networks can 
happen irrespective of the population. As a result, the Capillary spread model allows for 
the possibility of spread every year in the simulation while the other models may spread 
less frequently. Despite the outcomes of the Capillary spread model being too quick, the 
Capillary spread model should not be dismissed. A better picture of indigenous 
settlement distributions may someday be available to provide a better test of the Capillary 
model.  
 
The Maritime Pioneer Colonization Model 
Two lines of evidence have been used to suggest that early agriculturalists used 
sea travel to locate and settle new village locations – the rapid spread of the Impresso-
Cardial Neolithic in the west Mediterranean and the settlement pattern indicating that 
earlier sites are located along coastal regions (Zilhão, 2001). The Maritime Pioneer 
Colonization model posits two types of movement for farmers, short distance (leapfrog) 
movements and long distance movements via the ocean. Rather than use population and 
carrying capacity as triggers for the founding of new settlements, the MPC model cites 
social factors as the motivation for agricultural migration. In order to address this aspect 
of the MPC, farmer agents in the MPC model attempt to spread to new locations far 
below the actual carrying capacity of a village. Social problems are often linked to 
increased population; therefore, demography is used as a proxy for social factors. 
Interestingly, parameters related to these demographic limitations had no measurable 
influence upon the model.  
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The Farmer Fission Subsistence Capacity parameter was used to enable farmer 
agents to fission when reaching a proportion of the location’s full subsistence capacity. 
Values of 25%, 50% and 75% had no significant affect upon the correlation values of the 
model. Likewise, the Initial Forager Density, the Farmer Agricultural Strategy, the 
proportion of a farmer village population which leaves to form a new village and most 
surprisingly, the frequency of maritime movement for coastal farmer villages all had no 
significant affect upon the correlations returned for the MPC model. The only parameters 
which consistently affected the results was Coastal Leap Distance. 
The Coastal Leap Distance parameter was tested with values of 100, 200 and 
300km with two separate comparisons. A distance of 200km was significantly better than 
a distance of 300km, while a distance of 100km was only occasionally significantly better 
than a distance of 200km (See Table 6.10). While 200km is a long distance, it is 
interesting to note that further distances do not result in better correlations. As has been 
discussed previously, the significance of coastal leap distances is likely tied to the 
paleoenvironmental map being tested and the configuration of high value littoral patches 
for a given map.  
A comparison between the MPC model and a Leapfrog model suggests that the 
maritime components of the MPC model may improve the overall correlations from the 
model. The leapfrog spread uses the exact same logic as the MPC model, except for the 
coastal spread component. Using the same paleoenvironmental map and the same 
parameters, the MPC model usually produced higher correlations (See Table 6.4).  
Although most of the parameters tested in connection with the MPC model had no 
significant effect upon correlation values from the model, the results from the MPC 
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model were the most promising. The two highest correlation values from the MPC model 
were above 0.5 (See Table 6.12), some of the highest values produced with the CSM and 
both results were achieved in connection with maps that allowed riverine travel. The 
correlation values from the MPC model range from r=0.443 to r=0.527. On the whole, 
the correlations from the MPC model experiments were higher than those from the Wave 
of Advance and Capillary models and are comparable only to the results from the Dual 
model.   
 
The Dual Model 
The Dual Model of Neolithic spread endeavors to include elements of maritime 
migration and the spread of agricultural ideas and practices by way of social networks 
(Bernabeu Aubán, 1997, 1999). The maritime migration component works in an identical 
manner to that of the MPC model. Farmer settlements that have reached their maximum 
population threshold fission, and a proportion of their population moves to create a new 
settlement on the best location possible by land or sea movement. Agriculture may also 
spread to foragers that reside nearby farmers and may be spread through the social 
network of said foragers to other foragers located further away.  
Since the Dual model is at its simplest a combination of the Capillary and MPC 
models, most of the parameters which were tested for the Dual model were also tested 
with relation to the other models. Interestingly, most of these parameters were of similar 
importance for the Dual Model. Social Network Configuration, Farmer Fissioning 
Proportion, Farmer Carrying Capacity Proportion, Farmer Strategy and Farmer Birth Rate 
had minimal or no influence upon the outcome of the model. Unlike the results from the 
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MPC model, Maritime Movement Frequency had no significant impact upon the 
correlations of the Dual model. As in the MPC model, the significance of Coastal Leap 
Distance varied from map to map. An Initial Forager Density of 1% resulted in 
significantly better correlation values, an identical effect as indicated by the Capillary 
Spread model. Again, the lower density of farmers would have the effect of slowing 
spread along social networks and would have led to an increased role for agropastoral 
land and sea migration with respect to the spread of the Neolithic. 
The highest correlation values from the Dual model are similar to those from the 
MPC model with the highest correlation r=0.525, only 0.001 lower that the MPC model. 
In fact, the same maps which produced the highest correlations for the MPC model 
resulted in the second and third highest correlations for the Dual model. The close 
correspondence of the results from these models is not surprising since they depend upon 
many of the same mechanisms. However, the speed of spread resulting from the Dual 
model was faster than the MPC model. The cause of this difference is likely related to the 
inclusion of social networks. As was the case in the Capillary model, the spread of 
agriculture along network connections can occur too quickly. Also, the better 
identification of settlement distributions for indigenous hunter gatherer groups may 
positively or negatively affect these results. Nevertheless, the Dual model does result in 
maximum correlations that are comparable to the MPC model and is equally successful. 
 
The Cardial Spread Model and the Conceptual Models of Neolithic Spread 
All too often, the best archaeological models and theories of the past are accepted 
as fact. These models are created to account for the current evidence at the time of their 
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inception and are rarely tested with new evidence. Evaluating archaeological models is 
also hampered by a lack of available archaeological evidence. The goal of the CSM is to 
provide a platform from which the conceptual models of the Impresso-Cardial Neolithic 
may be tested, even without new excavations or archaeological data. 
The experiments conducted with the CSM have confirmed that the Maritime 
Pioneer Colonization and Dual models best fit the currently available archaeological 
evidence. However, the limited evidence about indigenous groups makes this conclusion 
far from definite. Although these two models may best replicate the Impresso-Cardial 
Neolithic spread, these conceptual models must be enhanced and elaborated upon, or new 
models must be proposed. With this goal in mind, the final chapter will summarize the 
results of this research and describe some of the questions that still remain and directions 
for future research that must be considered.  
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Chapter 8:  Conclusions and Future Models of Neolithic Spread 
 
Archaeologists are often confronted with a variety of obstacles that inhibit our 
ability to understand and answer questions about the past. A list of such issues might 
include (but unfortunately is not limited to) coarse or absent chronological information, 
taphonomic problems such as mixing, or simply relating the discarded materials we find 
to the questions we wish to answer. Artifacts are often analyzed as if they represent a 
specific moment when in fact they usually represent the accumulation of moments and 
behaviors over decades or even centuries. This problem is confounded when 
archaeologists attempt to understand large, long-term prehistoric events. Studies of 
prehistoric material culture or subsistence often relate to one site, or a handful of sites in 
a given region. While these studies are interesting and essential, they are hard to apply to 
research questions that surpass wide areal or chronological boundaries. Nowhere is this 
truer than in the west Mediterranean, where research spanning decades and different 
countries has led to an imbalance in the amount of research in certain areas and for 
different periods of time, as well as in the techniques and goals of that research.  
The agent-based model developed to study the Impresso-Cardial Neolithic spread 
is a well suited approach to address these issues. The Cardial Spread Model (CSM) was 
used to test a variety of factors that are either unknown or unknowable from the 
archaeological record by experimentation with multiple parameter values. The focus 
upon chronological information from Impresso-Cardial sites and the creation of the 
chronosurface to fill in the gaps in that chronology enabled me to transform conceptual 
models into computational ones. Of course, the digitization of these Neolithic conceptual 
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spread models does not make them more accurate. It does, however, enable these models 
to be tested against the chronological evidence from the archaeological record and to be 
contrasted with one another. These tests were further enhanced with the inclusion of 
modeled paleoenvironmental data in an effort to better understand the initial spread and 
distribution of early Neolithic sites and as complementary components of each 
conceptual spread model. While the results of the experiments with the CSM are 
important, the act of testing them may be of even more importance. 
After a time, untested hypotheses and assumptions begin to take on an aura of fact 
or veracity. By testing the four conceptual models of spread, we can begin to evaluate 
these models against fact instead of instinct. Moreover, as most researchers familiar with 
agent-based models can attest, the process of creating an explicit computational model 
allows for a richer and more detailed understanding of what is being modeled and often 
identifies inconsistent or ignored model details. These models have been tested sparingly 
- or not at all - by archaeologists not out of indifference, but because they are difficult to 
test. The disconnect between the cumulative evidence of individual actions at an 
archaeological site and episodes of prehistoric migration accompanied by fundamental 
shifts in subsistence across the west Mediterranean is vast. Agent-based models (ABM) 
are no longer a new tool for archaeological analysis, but they are still used infrequently. 
As the research in this dissertation demonstrates, ABMs can help us understand larger 
scale questions and evaluate our large scale theories. The CSM agent-based model aided 
in addressing a wide variety of questions surrounding the spread of the Neolithic in the 
west Mediterranean and is the first step towards the formalization of conceptual models 
and testing that archaeology needs to pursue. 
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Of course, agent-based models cannot eliminate the need for other types of 
archaeological investigation. The evaluation of conceptual models is contingent upon the 
collection of evidence through archaeological excavation and survey. Consequently, the 
evaluation of any agent-based model in archaeology is determined by the quality and 
amount of evidence collected through archaeological field work. Also, agent-based 
models are not reconstructions of the past, they are designed around generalizations that 
may not have equally applied to all prehistoric groups. The CSM was designed to model 
the spread of agriculture at the level of the village and a better reconstruction might 
employ Neolithic households. These Neolithic household agents might include agent 
decisions that drive changes in subsistence settlement and local ecology. Ultimately, a 
model of villages, households or prehistoric individuals is still an abstract representation 
of prehistory – not a reconstruction. 
On account of the fragmentary nature of the Neolithic chronological record, the 
chronosurface was used to evaluate model results. Future research at Impresso-Cardial 
Neolithic sites will result in new chronological and site information which may 
substantially influence the chronosurface. In light of the incomplete nature of 
archaeological evidence, the results from the CSM must be considered conditional. The 
use of the agent-based modeling technique is also limited by the evidence available by 
which to appraise the fit of a given model. 
 
Implications for the Impresso-Cardial Neolithic and Models of Neolithic Spread 
Although this dissertation cannot claim to have answered all of the fundamental 
questions surrounding the spread of the Neolithic in the west Mediterranean, it has 
 249 
effectively shed light upon many important new ideas and issues. The CSM has 
demonstrated that the Wave of Advance model cannot account for the spread of 
agriculture across the west Mediterranean. Only with an improvement such as Leapfrog 
expansion can a wave of population expand far and quickly enough to match the 
archaeological record. Even so, the resulting distribution of agriculturalists from the 
Leapfrog model does not match the empirical data as well as other models.  
The Capillary model successfully results in agriculture spreading across the entire 
study area, but the use of social networks enables agriculture to spread too quickly. 
However, since the prehistoric distribution of foragers is both a crucial and unknown 
parameter the Capillary spread model is impossible to discount. For instance, if 
indigenous foragers often lived in coastal locations, the Capillary model might better fit 
the chronosurface. In order for the Capillary model to better fit the archaeological record, 
a more sophisticated mechanism for the spread of agriculture along social networks must 
be conceived in order to determine how often and to whom agriculture might spread. The 
behavior of foragers that adopt agriculture must also be further developed, including a 
mechanism for farmer expansion.  
The outcomes of the Maritime Pioneer Colonization (MPC) model correlated 
highly with the chronosurface. The MPC model was proposed to account for the coastal 
distribution of the earliest Neolithic sites; so it follows that it would correlate well with 
the spatial distribution of Early Neolithic occupation. Yet, the results from the leapfrog 
spread (see Chapter 6) indicate that the maritime spread routine only slightly improves 
the correlations. A better understanding is needed about when and how often maritime 
movement should have occurred to improve results. 
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The Dual model also resulted in high correlations, but like the Capillary model, it 
is hampered by the lack of an accurate picture of indigenous settlement distribution. 
When compared to the other conceptual models of spread, the Dual model is the most 
detailed; yet, more could also be added to it. The spread of agriculture from farmers to 
foragers, as well as the spread of agriculture from foragers to foragers, is a crucial but 
complex issue that may improve the results from this conceptual model. The structure of 
relationships between these groups must have had a substantial influence on the spread of 
agriculture. For example, foragers living in environments that would have supported 
agriculture may have been more likely to adopt agriculture; or foragers in favorable 
foraging locations may have been more or less likely to adopt agriculture. The Dual and 
MPC models also demonstrated the importance of rivers to the Impresso-Cardial spread.  
Paleoenvironmental considerations do not play an explicit role in any of the four 
conceptual models. Environmental conditions certainly played some part in the spread of 
the Neolithic, and this research is a first step towards the identification of these 
conditions. By testing each paleoenvironmental map with each conceptual spread type, 
this research has identified topographic slope and rivers as two important 
paleoenvironmental factors. The inclusion of rivers as routes of transportation improved 
the correlation results from the Dual and MPC spread models and the inclusion of rivers 
as preferred areas of settlement improved the correlation results from the Dual model. 
Areas of low slope (or at least non-mountainous areas) were preferred by early 
agriculturalists. Of course, other paleoenvironmental factors may also have been of 
additional importance, since no model produced a correlation higher than r=0.52. 
The absence of high correlation values suggests that all of the conceptual models 
 251 
tested are in some way insufficient. For this reason, these models must be improved, 
fleshed out further or replaced by new models. On the other hand, a different approach to 
the testing of these models or new chronological information may also lend support to the 
conceptual models as they were originally formulated. Nevertheless, this research has 
suggested a number of additional factors that might be included in future research.   
 
Future Directions for Neolithic Migration Models 
In each of the four conceptual models, foragers are either absent, passive, or adopt 
agriculture. Yet, foragers may also have acted as a barrier to the spread of agriculture. For 
instance, farmers may have avoided areas that were inhabited by hunter gatherer groups. 
The interaction of these groups may have resulted in conflict as has been documented 
with the LBK Neolithic; these groups may not have even spoken the same language. The 
patchy distribution that is associated with early Neolithic settlements may have resulted 
from the avoidance of areas occupied by hostile hunter gatherers. 
While this study has taken the important first step of adding paleoenvironmental 
information into the simulations, the inclusion of more environmental information would 
be beneficial. The paleoenvironmental maps used in this study were created to reflect the 
routine paleoenvironmental conditions for this region. However, the expansion of the 
Neolithic in this region took place over 2000 years, and variations in paleoclimatic 
conditions certainly occurred. Paleoclimatic variations may have made certain locations 
appear to be optimal settlement locations for a brief time. Conversely, paleoclimatic 
variation may also have caused farmers to abandon certain locations and could ultimately 
have been responsible for the spread of farmers.  
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Interestingly, all of the conceptual models make little mention of how and when a 
settlement might be completely abandoned. There is little evidence for the continuous 
occupation of Impresso-Cardial sites through the entire 2000 year expansion of 
agriculture. One obvious and untested phenomenon that may have driven agriculturalists 
to found new settlements is the degradation of land over time. Continuous agropastoral 
use may have affected the returns from land surrounding settlements.  
Finally, a crucial direction for future research concerns the distribution of 
indigenous hunter gatherer populations at the onset of the Neolithic. In this research, 
foragers were randomly distributed across the landscape for the purpose of testing models 
with foragers. Yet the outcomes of these tests suggest that a non-random distribution of 
foragers may dramatically affect the results from both the Capillary and Dual conceptual 
models of spread. A better understanding of indigenous site locations is needed in order 
to clearly understand how foragers influenced the spread of the Neolithic. 
 
Conclusions 
The archaeological record of the Neolithic transition in the Western 
Mediterranean is not as well researched as in other regions in Europe and has much to 
contribute to our understanding of prehistoric migration, forager and farmer interaction, 
and the spread of agriculture. This study has examined the four conceptual models of 
agricultural spread that have been proposed for the region. To investigate these 
conceptual models, an agent-based model (the Cardial Spread Model) was developed to 
evaluate which model best predicts the empirical archaeological record. The outcomes 
from the CSM suggest that the Dual and Maritime Pioneer Colonization models best fit 
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the current chronological record. The large number of insights generated from this 
approach has also demonstrated the utility of agent-based modeling for archaeology and 
the importance of testing archaeological models. None of the models tested completely 
account for the Impresso-Cardial spread and new, more detailed, models must be 
proposed and evaluated in a manner such as this in order to advance our understanding of 
the spread of the Neolithic in the west Mediterranean. 
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APPENDIX A 
CARDIAL SPREAD MODEL ODD 
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Overview 
 
Purpose 
Four conceptual models have been proposed to explain the spread of the Impresso-
Cardial Neolithic in the west Mediterranean. The purpose of this model is to provide a 
platform to test and compare multiple hypotheses for the spread of the Neolithic in the 
west Mediterranean. The model includes farmer village agents and forager band agents 
which occupy the landscape. Farmer agents found new agricultural villages (new Farmer 
Agents are created) when the population of a village reaches its carrying capacity or by 
random chance (dependent upon the spread model being tested). Forager agents may 
become farmer agents, a process which is initiated by different rules within a conceptual 
model. The agents are located on a GIS (Geographic Information System) based 
landscape which incorporates a map of the west Mediterranean (Italy, southern France, 
the Iberian peninsula and the northern coast of Africa). Multiple maps of environmental 
factors can be chosen at the onset of the simulation.  Farmer agents use the information 
from these maps to inform their choice of location for new agricultural villages. As the 
simulation progresses, farmer agents spread to new locations and the timing of the arrival 
of agriculturalists to a region is recorded. Once the simulation has ended the timing of 
agricultural arrival is compared to the arrival of agriculturalists as evidenced in the 
archaeological record. Through this process, multiple hypotheses of agricultural spread 
can be compared to one another and their relative success in explaining the spread of the 
Neolithic can be assessed.  
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State Variables & Scales 
The agent-based model is composed of two agent types:  farmer agents and forager 
agents. A farmer agent represents an agricultural village, has a village population, and 
may have social links to neighboring foragers. Forager agents represent forager groups; 
they have a group population and may control multiple patches that represents a forager 
group’s range. The model is set on a yearly scale and records the year starting from the 
earliest radiocarbon date recorded for southern Italy. Farmer agents may only occupy one 
patch, while forager agents may occupy several (the amount is dependent upon the 
settings chosen by the user).  
 
Agents are located on a digital landscape created by importing a map of the west 
Mediterranean. The map includes an environmental factor that agents bay use to evaluate 
the patches around them when they wish to move. Farmer agents choose one of the 
unoccupied patches with the greatest land value that is within range of their movement. 
Maps were created using the GRASS GIS from modern topographical information and/or 
modeled paleoclimate datasets. 
 
Process Overview and Scheduling 
Each time step in the model represents a year. During this year, each farmer and forager 
agent adjusts its population based upon birth and death rates. If a farming village nears its 
carrying capacity, a new farmer village may be established and a portion of the village’s 
population moves to a new village. Forager agents may adopt agriculture if a farmer 
village is located next to a patch that they control or along social network connections. In 
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these instances, farming villages are established on locations that made up the forager’s 
territory and the forager population is split equally among these new villages (farmer 
agents). If a farmer agent has reached the carrying capacity of a patch and there are no 
new locations for an agricultural village to be established, then that farmer agent becomes 
inactive. The arrival year for the founding of each new village on a patch is recorded for 
each patch. 
 
This equation represents when farmer villages decide that some of their population must 
leave to form a new village. 
if		Village	Population				>		 [( Max Farmers Per Patch) * Farmer Carrying Capacity Threshold]  
 
The new village population is calculated using this equation.  
New			
Village	=	
Population				
[(Max Farmers Per Patch* Farmer Carrying Capacity Threshold)	*	Fission	Proportion]		
 
 
Design Concepts 
 
Emergence: This model is designed to study the spatial patterns of Neolithic spread in 
the west Mediterranean. The chronological and locational information for the spread of 
the Neolithic is compared to a map of the spread of the Neolithic created from 
radiometric dates located within the study area. This comparison can be conducted after a 
simulation is complete in a GIS program or with the R statistical package. 
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Interaction: In the implementation of the Capillary and Dual models, interaction is 
simulated along social networks. Each year, farmers and foragers interact and as these 
interactions increase, so does the likelihood of a forager agent adopting agriculture and 
becoming a farmer agent. 
 
Sensing: Agents are able to sense the landscape value of the patches surrounding them 
within a given range. Agents are also able to sense if these patches are occupied. Agents 
connected within a social network are also able to sense each other’s presence and the 
type of agents they are (forager or farmer). The networks can occur in three 
configurations. One configuration favors links with forager nearby, one with foragers far 
away within a given radius and one is random. The number of links per forager can be 
chosen by a slider in the simulation. 
 
Stochasticity: A large number of processes are stochastic in nature. Although agents 
prefer to move to the patch with the highest land value, agents may randomly choose 
between patches of the same value. The frequency of agricultural spread in the capillary 
model is determined by random chance as is the frequency of maritime movement in the 
Maritime Pioneer Colonization model. Network connections are also made randomly 
within a geographically bounded region. Population variables (birth and death rates) are 
also simulated with random chance. To understand this stochasticity, each combination of 
parameters was run 1000 times and then random samples of different sizes were 
compared to those results to determine if a significant difference existed between smaller 
samples and the full 1000 model runs. This process is detailed in chapter 5 of this 
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dissertation. 
 
Observation: As agriculture arrives on each patch for the first time, the simulation year 
is recorded for that patch. At the end of the simulation, a map of the arrival of agriculture 
is output as a map. This map is then compared to a map of arrival times from the 
archaeological record using a regression between the two maps. 
 
Initialization 
Most of the parameters used to initialize the model can be changed by the user since most 
of these parameters are unknown to archaeologists. A map (chosen by the user) is read 
into Netlogo and values from the map are used to designate land, ocean and the relative 
value of land patches. Another parameter chosen by the user is the location and density of 
forager agents. Foragers are initialized at random locations throughout the model and the 
number of them depends on the density chosen from the menu at the beginning of the 
model. One farmer village starts in southeastern Italy – and this agent originates the 
spread of the Neolithic.  
 
Input 
The land value which agents use to evaluate where to move is based upon a map 
imported into the simulation when it begins. The paleoenvironmental maps were 
constructed from modern topographic and modeled prehistoric paleoclimate data. The 
maps were created in GRASS GIS and are based on paleoenvironmental data. For a full 
description of how these maps were created see Chapter 3 of this dissertation. A table of 
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the equations used to create each map is included below. 
 
Submodels 
The focus of this agent-based model is the evaluation of four main conceptual models 
proposed for the spread of the Neolithic in the west Mediterranean. The relative 
comparison of these conceptual models is the primary focus of this computational model. 
Most of these models are composed of elements from the other models since they 
conceptually build upon one another. 
 
The Wave of Advance Model 
 In the Wave of Advance model (WA), farmers move to neighboring patches when 
they have reached a population threshold. The threshold is determined by the size of each 
patch and the subsistence strategy of a farmer village. Once the population threshold is 
reached a farmer village moves to a neighboring patch that is unoccupied and has the 
highest land value (determined from the imported map). Although the village is ‘moving’ 
to a new location, in this case a new farmer agent is created. If two patches have the same 
land value, then one is chosen at random. This process continues until no new locations 
can be occupied or the simulation runs out of time. It is an implementation of Ammerman 
and Cavalli-Sforza’s model (1984). A schematic of this process is reproduced from 
Chapter 5 and is included below. 
 
The Leapfrog Model 
 The leapfrog model is an extension of the ideas used in the Wave of Advance 
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model. Farmer agents move and found new villages in patches as a result of the agent’s 
population reaching the carrying capacity for a patch. New villages, however, may be 
established within a given range of the parent village instead of only neighboring patches. 
A schematic of this process is reproduced from Chapter 5 and is included below. 
 
The Capillary Spread Model 
 The Capillary Spread model is an implementation of the model outlined by Vicent 
Garcia (1997). In the implementation of this model, all of the forager agents are 
connected to one another by network links. The structure of this network is constructed 
according to a user selected rule set. The links may be random, may favor local 
connections or may favor distant connections. The farmer village which is inserted at the 
beginning of the simulation is also connected to these forager agents through a social 
network. Each year, the populations are updated and agriculture has a random chance of 
spreading along network connections from an agricultural village to a farmer village. 
Each farmer village may spawn and spread new farmer villages in the same manner as 
the leapfrog model. A schematic of this process is reproduced from Chapter 5 and is 
included below. 
 
The Maritime Pioneer Colonization Model 
 The Maritime Pioneer Colonization Model (MPC) is an implementation of the 
conceptual model put forth by Zilhão (2001). Farmer villages may expand by way of a 
leapfrog spread when they are located in non-coastal areas. Farmer villages that are 
located along the coast may move long distances along the coast to establish a new 
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village. While this movement is also triggered by a farmer village reaching its carrying 
capacity, carrying capacity is best kept lower to better represent the MPC model. As 
described by Zilhão, farmers may have migrated to new villages before reaching 
ecological limitations because of social factors. Since social factors are often related to 
population, carrying capacity limits were still used. A schematic of this process is 
reproduced from Chapter 5 and is included below. 
 
The Dual Model 
 The Dual Model is the most complicated of Neolithic spread mechanisms and was 
first outlined by Bernabeu Aubán (1997). Forager agents are connected to one another 
with a social network as was described for the Capillary model. Farmer agents use 
leapfrog and maritime spread as they did in the MPC model. Forager agents that are 
nearby farmer agents have a chance to adopt agriculture that increases as the length of 
interaction increases (direct neolithization). Also, forager agents that are connected to 
forager agents that are interacting with farmer agents also have a chance to adopt 
agriculture (indirect neolithization). A schematic of this process is reproduced from 
Chapter 5 and is included below. 
 
 
 
The model code can be downloaded from: https://www.openabm.org/model/5278/ 
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The original model description and results are presented in this Dissertation as well as 
 
2016. Neolithic Spread Models, Agricultural Islands and Pivotal Parameters: Impressions 
Gleaned from Simulating the Spread of Agriculture in the West Mediterranean. Paper 
Presentation at the 81st Annual Meeting of the Society for American Archaeology in 
Orlando, FL. 
 
2015.  Modeling the Influx of Agriculture: An Agent-Based Model Exploring 
Agricultural Spread Scenarios in the Western Mediterranean. Poster Presentation at the 
80th Annual Meeting of the Society for American Archaeology in San Francisco, Ca. 
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MAP	TYPE	 FORMULATION	INFORMATION	
Slope	
Created	using	the	r.slope.aspect	module	in	GRASS	GIS	from	90m	x	
90m	SRTM	data.	Slope	Map		=	100	-	Actual	Slope		(	this	creates	a	
value	from	100	-	0	to	rank	low	slopes	higher)	
Spring	
Precipitation	
Sum	
Created	from	PMIP	3	data.	Spring	Precipitation	=	March	Precip	+	
April	Precip	+	May	Precip	
Slope	&	
Annual		
Average	
Precipitation	
The	annual	average	precipitation	is	calculated	from	PMIP	3.		
Annual	Average	Precipitation	=	(January	Precip	Total	+	February	
Precip	Total	+	…	December	Precip	Total	)	/	12	Reclassified	Annual	
Average	Precipitation	=	if	map	value		lies	between	𝜇	-	𝞂	and		𝜇	+	𝞂	
then	map	value	=	75,	else	map	value	is	50	Slope	&	Annual	Avg	
Precipitation	Map	=	(Slope	Map	+	Reclassified	Annual	Average	
Precipitation)	/	2	
Minimum	
March	
Temperature	
Initial	temperature	values	created	from	PMIP	3	data.	Reclassified	
the	Map:		if	map	<	0	then	map	=	0;	if	map	=	0		or	map	=	1	then	
map	=	50;	if	map	=	2-4	then	map	=	75;	and	if	map	>	4	then	map	=	
100	
Best	Wheat	
Locations	
This	map	combines	four	maps,	a	slope	map,	a	spring	precipitation	
map,	the	minimum	March	temperature	map	and	a	map	of	spring	
maximum	temperature.	The	Maximum	Spring	temperature	map	
was	created	from	PMIP	3	data.	Reclassified	Spring	Max	Temp	
Map:	if	map	<	18	or	map	>	30	then	the	map	value	is	0;		if	map	is	
18-24	the	map	value	is	100;	and	if	the	map	is	25-30	then	the	
mapvalue	is	75.	Best	Wheat	Locations	Map	=	(Slope	Map	+	Spring	
Precip	Map	+	Min	March	Temp	+	Max	Spring	Temp)	/	4	
Slope	&	
Rivers	
Slope	and	Rivers	Map	=	Slope	Map	and	if	a	river	is	present	then	
that	location	=	Null()	
Best	Wheat	
&	Rivers	
Nulled	
Best	Wheat	and	Rivers	Nulled	=	Best	Wheat	Map	and	if	a	river	is	
present	then	that	location	=	Null()	
Best	Wheat	
&	Rivers	 Best	Wheat	and	Rivers	=	Best	Wheat	+	25	(if	a	river	is	present)	
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Model	Parameter	 Description	
spread-type	 This	parameter	describes	the	type	of	that	will	occur	in	a	
model	run	
simulation-map	 The	map	that	a	simulation	will	use.	Agents	use	these	
maps	to	choose	where	to	move	
forager-strategy	 The	relative	importance	of	plants	and	animals	to	forager	
subsistence.	This	effects	forager	density	in	the	
simulation.	
farmer-strategy	 The	relative	importance	of	domestic	and	wild	resources	
to	farmer	subsistence.	This	effects	forager	density	in	the	
simulation.	
forager-land	 The	proportion	of	land	within	the	study	area	that	is	
inhabited	by	foragers.	
farmer-birth-rate	 The	per	capita	rate	at	which	a	new	person	is	added	to	a	
village.	
farmer-fissioning-
proportion	
The	proportion	of	a	village	that	fissions	to	form	a	new	
village	
farmer-fission-
subsistence-capacity	
The	relative	proportion	of	the	maximum	carrying	
capacity	at	which	a	village	will	fission.	
Forager-Neighbor-
Transition-Threshold	
The	number	of	agriculturalists	on	neighboring	patches	
which	will	trigger	forager	adoption	of	agriculture.	
dual-model-farmer-
gather-interaction-
radius	
The	distance	(km)	within	which	foragers	and	farmers	
may	come	into	contact.	
capillary-spread-
frequency	
The	annual	%	chance	that	agriculture	may	spread	to	a	
forager	group.		
network-model	 Specific	rules	which	govern	how	networks	are	formed	
within	the	simulation	
maritime-
movement-
frequency	
Annual	%	chance	that	a	fissioning	village	will	spread	via	
maritime	expansion	
coastal-leap-
distance	
The	maximum	distance	(km)	within	which	farmers	may	
spread	to	coastal	patches	with	the	Maritime	spread	
forager-link-distance	 The	maximum	distance	(km)	within	which	farmers	may	
form	social	network	links	with	one	another	
leap-distance	 The	maximum	distance	(km)	that	farmers	can	move	by	
land.	
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APPENDIX B 
CHRONOLOGICAL INFORMATION USED TO CREATE THE CHRONOSURFACE 
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Longitude	 Latitude	 Site	Name	 Cal	BC	 SD	 Sample	#	
16.567114	 41.204239	 Casa	San	Paolo	 6813	 100	 P	1999	
11.646	 42.517	 Settecanelle	(Grotta	delle)	 6751	 150	 GRN	14543	
8.831836	 41.758878	 Basi	 6597	 150	 Gif	1851	
8.869544	 41.740388	 Campu	Stefanu	 6534	 30	 UGAMS	3825	
5.267	 43.35	 Cap	Ragnon		 6533	 150	 MC	500	
9.13	 41.7	 Curacchiaghju		 6483	 180	 Gif	1962	
7.35	 43.7	 Caucade	 6460	 160	 MC	2343	
5.16	 43.38	 Riou	 6457	 100	 MC	440	
15.785	 41.531	 Santa	Tecchia	 6457	 100	 		
17.234	 40.424	 Praia	di	Mare	 6405	 85	 R	285	
16.89	 41.1	 Scamuso	 6171	 110	 Gif	6339	
2.46	 43.08	 Jean	Cros	 6042	 130	 Gif	3576	
5.16	 43.38	 Font	des	Pigeons		 6034	 50	 Kn	1182	
16.567114	 41.204239	 Pulo	di	Molfetta	 6007	 60	 LTL	142A	
15.818	 41.549	
Masseria	Giuffreda	/	
Fontanarosa	Uliveto	 6005	 20	 MC	2292	
15.733	 41.02	 Redina	II	 5989	 140	 LJ	4548	
16.645	 40.676	 Trasano	1	 5917	 160	 Ly	5297	
3.096231	 44.399597	 Clos	de	Poujol	 5907	 40	 Ly	2138	
16.442	 39.682	 Favella	della	Corte	 5887	 55	 LTL	778A	
15.68	 41.5	 Vilaggio	A,	Scaramella	 5879	 100	 R	350	
13.107422	 37.513858	
Grottta	Kronio	/	Stufe	di	San	
Ca	logero	al	Kronio	 5875	 60	 LTL	211A	
16.01221	 41.875268	 Defensola	 5872	 80	 Utc	1342	
8.328	 44.162	 Arene	Candide	 5865	 115	 UB	2423	
18.003737	 40.068167	 Torre	Sabea	 5852	 130	 Gif	88066	
8.931	 44.408	 Pollera	24	 5841	 100	 MC	756	
2.52906	 42.837808	 Esperit	(Cova	del')		 5839	 70	 Gif	?	
11.828	 43.513	 Grotta	di	Monte	Venere	 5834	 100	 R	1175	
16.25	 38.82	 Piana	di	Curingia	 5820	 60	 P	2946	
2.41	 43.31	 Grotte	de	Gazel	 5805	 90	 GrN	6702	
17.428714	 40.84222	 Torre	Canne	 5799	 80	 Gif	6725	
13.666926	 42.771429	 Grotta.	Sant'	Angelo	di	O.	 5787	 70	 Gif	6724	
15.395	 41.446	 Ripa	Tetta	 5784	 60	 Beta	47808	
15.842321	 41.547674	 Coppa	Nevigata	 5783	 90	 OxA	1475	
17.623	 40.392	 Terragne	 5768	 70	 Beta	59933	
15.550839	 41.449238	 Villa	Communale	di	Foggia	 5764	 130	 MC	2290	
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11.828	 43.513	 La	Marmotta	 5748	 60	 R	2360	
3.350045	 43.294749	 Pont	de	Roque-Haute	 5746	 65	 Ly	7607	
3.369627	 43.339612	 Peiro	Signado	/	Peyrosignado	 5730	 55	 Ly	8400	
-2.69797	 38.09289	 Cueva	del	Nacimiento	 5701	 130	 Gif	1368	
17.59776	 40.491153	 Oria	Sant'Anna	/	Santa	Anna	III	 5690	 90	 R	322	
-6.09414	 36.48166	 El	Retamar	 5687	 80	 8z1	
-3.73028	 42.39028	 Cascajos-Blanquillo	 5683	 130	 GrN	14106	
17.941997	 40.17625	 Serra	Cicora		 5682	 40	 LTL	221A	
-8.35731	 39.57146	 Pena	d Agua	 5678	 60	 Wk	9214	
-0.18652	 42.39321	 Chaves	 5676	 70	 GrN	12685	
8.91	 41.51	 Renaghju	 5674	 41	 Ly	9519	
15.923769	 37.959712	 Umbro	 5661	 50	 Beta	122939		
12.786	 38.11	 Uzzo	(Grotta	de	l')		 5659	 70	 P	2733	
-3.262	 35.205	 Ifri	Oudadane	 5654	 50	 Beta	295779	
18.483	 40.067	 Porto	Badisco	 5651	 60	 LTL	427A	
-2.51469	 42.61429	 Pe_a	Larga	 5638	 40	 Beta	242783	
15.907	 41.639	 Scaloria	 5638	 100	 LJ	4649	
5.65	 44.88	 Saint-Mitre	 5628	 130	 MC	264	
16.254	 38.822	 Acconia	 5625	 80	 P	2949	
10.812528	 44.523879	 Fiorano	Modenese	 5625	 180	 GrN	19838	
8.66	 40.5	 Grotta	Filiestru	 5625	 75	 Q	3020	
6.23	 43.55	 Baume	de	Fontbregoua	 5621	 100	 Gif	2990	
15.717058	 41.209648	 Lagnano	I	/	Lagnano	da	Piede	 5621	 100	 UCLA	2148	
-8.79529	 37.99082	 Vale	Pincel	 5616	 60	 ICEN	724	
0.45057	 42.20278	 Forcas	II	 5615	 190	 GrN	22585	
9.48	 40.25	 Corbeddu	(Grotta)	 5609	 80	 Utc	1251	
9.5	 42.08	 Casabianda	or	Casterragio	 5603	 150	 MC	2243	
10.415	 44.134	 Pian	di	Cerreto	 5602	 80	 R	548	
1.55358	 42.56989	 Balma	Margineda	 5599	 120	 Ly	2839	
-8.15503	 38.63868	 Valada	do	Mato	 5595	 37	 Wk	12077	
-3.85576	 40.10077	 La	Paleta	 5585	 60	 Beta	223092	
9.16	 41.38	 Araguina	Sennola	 5584	 140	 Gif	2325	
-0.29837	 38.81519	 Cova	d'en	Pardo	 5584	 40	 Beta	231880	
1.6063	 41.4464	 Les	Guixeres	 5581	 45	 OxA	26068	
15.753684	 41.562555	 Masseria	Candelaro	 5574	 95	 OxA	3684	
13.36	 38.12	 Stretto,	Partanna	 5566	 120	 Rome	291	
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11.9	 44.417	 Lugo	di	Romagna	 5563	 110	 R	2747	
1.06123	 41.07141	 El	Cavet	 5561	 60	 Beta	222342	
8.016	 44.103	 Arma	dello	Stefanin	 5555	 60	 Bln	3276	
7.506111	 43.813056	 Abri	de	Pendimoun	 5550	 110	 Ly	5692	
16.812676	 41.105466	 Balsignano	 5550	 30	 KIA	
-0.39827	 38.68855	 Mas	d'Is	 5550	 50	 Beta	162092	
-3.844	 36.764	 Cueva	de	Nerja	 5543	 40	 Beta	131577	
8.319847	 44.195941	 Grotta	dell'Edera	/	Edera	 5543	 100	 **	
13.549	 41.941	 Grotta	Continenza	 5541	 75	 R	1411	
4.80854	 44.741769	 Lalo	 5541	 60	 AA	32641	
4.880475	 44.095723	 Baratin	 5539	 140	 Gif	1855	
-0.41108	 38.7844	 Benamer	 5535	 50	 CNA	539	
15.404107	 41.35377	 Palata	I	 5535	 45	 LTL	5187A	
11.876	 44.293	 Fornace	Cappuccini	 5534	 87	 R	2748	
13.066	 43.072	 Maddalena	di	Mucia	 5534	 75	 R	643a	
13.633	 41.95	 S.	Stefano	di	Ortucchi	 5528	 80	 R	468	
-2.51479	 41.1716	 La	Revilla	del	Campo	 5527	 37	 KIA	13940	
1.95754	 42.11192	 Font	del	Ros	 5524	 56	 AA	16498	
-3.52623	 40.84867	 Ventana	 5523	 40	 Beta	191001	
9.550317	 44.855215	 Casa	di	Risparmio	 5520	 150	 I	12585	
13.267	 42.75	 Villagio	Leopardi	 5520	 135	 Pi	101	
2.70548	 42.1126	 La	Draga	 5517	 110	 UBAR	312	
4.43	 44.26	 Baume	de	Montclus	 5516	 40	 Beta	253158	
-1.831616	 37.207675	 Cabecicos	Negros	 5516	 50	 Beta	347627	
16.760192	 41.121903	 Lama	Balice	 5509	 45	 LTL	1212A	
-0.11659	 40.41747	 Cingle	del	Mas	Nou	 5505	 130	 Beta	136678	
10.817	 44.537	 Fiorano	Fornace	Carani	 5503	 60	 GrN	19839	
14.209	 42.054	
Fonti	Rossi	/	Fonterossi	(Lama	
dei	Peligni)	 5497	 80	 OxA	1958	
14.64	 41.57	 Monte	Maulo	 5497	 80	 OxA	651	
0.2636	 42.08154	 Moro	de	Olvena	 5496	 130	 GrN	12119	
0.12854	 38.80538	 Cova	Ampla	del	Montgæ	 5494	 140	 Ly	2850	
11.017	 45.52	 Lugo	di	Grezzana	 5482	 76	 R	2745	
-5.322302	 35.427794	 Kef	Taht	el	Ghar		 5471	 120	 Ly	7288		
0.15125	 38.68242	 Cova	de	les	Cendres	 5470	 40	 Beta	239377	
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5.637165	 45.210867	 Grande	Rivoire	 5470	 40	 Beta	282246	
-0.13006	 38.92859	 El	Barranquet	 5469	 50	 Beta	221431	
4.46	 44.31	 Baume	d'Oullins	 5468	 60	 ETH	27972	
-0.567	 38.672	 Abric	de	la	Falguera	 5467	 80	 Beta	142289	
-0.55649	 38.73581	 Cova	de	la	Sarsa	 5467	 32	 OxA	26076	
-3.52534	 40.40439	 Casa	Montero	 5456	 40	 Beta	232890	
-0.36296	 38.84462	 Cova	de	l Or	 5452	 160	 KN	51	
-3.56604	 40.41439	 Ca_averal	 5444	 50	 Beta	244209	
1.69557	 41.33637	 La	Serreta	 5443	 40	 Beta	280862	
-3.214	 35.22	 Ifri	Ouzabour	 5436	 53	 Erl	9984	
-3.38073	 37.50993	 Cariguela	 5435	 39	 Col	1566	
11.105	 46.009	 Romagano	III	(Ripario	di)	 5435	 50	 R	1136	
3.9	 43.43	 Camprafaud	 5432	 130	 Gif	3078	
5.734	 44.684	 Corre_ardes	(Les)		 5426	 70	 Ly	7077	
2.56089	 42.2229	 Serrat	del	Pont	 5426	 40	 Beta	172521	
-3.98414	 37.26656	 Los	Castillejos	 5416	 150	 Beta	135664	
-8.97248	 37.04049	 Castelejo	 5414	 65	 Beta	168461	
-8.423	 39.508	 Almonda	 5413	 45	 OxA	9287	
3.28	 43.51	 Resclauze	 5413	 100	 MC	1227	
2.17357	 41.3866	 Pla a	de	la	Vila	de	Madrid	 5412	 40	 Beta	18271	
17.59776	 40.491153	 Santa	Anna	 5411	 50	 LTL	1062a	
0.440157	 40.616188	 Bruixes	 5410	 140	 Ly	4269	
0.20199	 40.62485	 Cova	de	les	Bruixes	 5410	 140	 Ly	4269	
-4.05778	 41.08722	 La	Vaquera	 5410	 50	 GrA	9226	
-2.18993	 42.53739	 Los	Cascajos	 5409	 45	 Ua	24428	
2.14724	 41.80385	 Cova	del	Toll	 5408	 35	 OxA	26070	
-2.5965	 42.73082	 Mendandia	 5408	 70	 GrN	22473	
1.69736	 41.21211	 Can	Sadurni	 5406	 34	 OxA	15488	
10.254548	 45.562275	 Nave	Molino	 5406	 90	 GX	24945	
-0.16817	 38.793	 Cova	Fosca	de	la	Vall	d'Ebo	 5402	 33	 OxA	26047	
-8.95571	 37.07847	 R.	Gaivotas	 5401	 50	 Wk	17029	
12.4	 43.13	 San	Marco	 5400	 80	 OxA	1853	
15.895939	 37.950064	 Penitenzeria	 5398	 40	 Beta	181784	
8.05	 44.11	 Arma	di	Nasino	 5396	 65	 R	313	
13.167343	 41.878018	 Grotta	Mora	Carvoso	 5396	 35	 Ly	3504	
2.08284	 41.54423	 Can	Roqueta	 5389	 50	 CR*1	
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11.16024	 46.185687	 Laiti	di	Borgonuovo	 5386	 75	 ETH	15984	
-0.4	 40.741	 Abrigo	de	 ngel	2	 5384	 40	 Beta	254048	
-0.11116	 40.41767	 Cova	Fosca	 5384	 40	 Beta	149009	
-4.30262	 37.54302	 Cueva	de	los	Murci_lagos	 5384	 130	 I	17772	
-0.77092	 38.38857	 Novelda	C.U.	 5384	 40	 Beta	227572	
8.989938	 42.626273	 Pietra	(La)	 5384	 130	 Gif	7368	
-8.3935	 40.1313	 Senhora	da	Alegria	 5373	 30	 Beta	339602	
1.23182	 41.87201	 Parco	 5371	 230	 CSIC	280	
-1.256	 42.946	 Aizpea	 5356	 70	 GrN	18421	
0.21666	 41.19624	 Pontet	 5356	 70	 GrN	14241	
4.388362	 44.439864	 Combe	Obscure	 5341	 160	 Ly	423	
-3.51574	 42.34927	 El	Mirador	 5340	 40	 Beta	197385	
-9.16829	 38.82478	 Gruta	do	Correio-Mor	 5339	 60	 ICEN	1099	
9.393514	 42.680005	 Strette	 5328	 300	 Ly	2835	
8.613816	 44.856949	 Cascina	la	Cascinetta	 5327	 60	 Beta	71945	
-4.37335	 37.01193	 Cueva	del	Toro	 5310	 280	 UGRA	194	
-8.48635	 39.12782	 Cabe o	da	Amoreira	 5309	 40	 Wk	26796	
-8.24771	 39.65184	 Caldeirao	 5306	 80	 OxA	1035	
4.46	 44.35	
Saint-Marcel	(Grotte)		/	Saint	
Marcel	d'Ardeche	 5300	 90	 MC	2376	
11.039259	 44.552408	 Savignano	 5295	 45	 LTL5251a	
8.69668	 45.770388	 Pizzo	di	Bodio	 5293	 80	 B	5090	
0.03491	 42.22876	 Huerto	Raso	 5288	 60	 GrA	21360	
2.01833	 41.63749	 Cova	del	Frare	 5286	 310	 I	13030	
1.10023	 41.37697	 Cueva	Font	Major	 5286	 40	 Beta	317705	
5.637477	 43.636657	 Mourre	de	la	Barque	 5282	 55	 ETH	26417	
-4.49471	 36.61909	 Hostal	Guadalupe	 5273	 30	 Wk	25169	
0.5460310
3	
42.451907
94	 Trocs	 5266	 25	 Mams	16163	
4.741893	 44.280796	 Petites	Ba_ties	(Les)		 5265	 50	 Beta	103862	
2.17941	 41.38134	 Sant	Pau	del	Camp	 5265	 50	 Beta	236174	
9.155	 41.445	 Longone	 5264	 140	 LGQ	617	
13.91	 42.2	 Vilaggio	Rossi	(Marcianese)	 5261	 60	 BM	2250	
-9.41789	 38.71642	 Carrascal	 5259	 40	 Beta	276401	
-2.51323	 41.15858	 La	Lampara	 5253	 50	 UtC	13346	
2.44353	 41.53775	 Can	Xammar	 5250	 40	 CX*2	
15.43	 40.786	 Castelgrande,	Bellinzo	 5250	 40	 B	4564	
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8.73	 42.56	 Revellata	 5242	 75	 Ly	6085	
-1.17196	 42.90352	 Zatoya	 5228	 280	 Ly	1397	
-4.49471	 36.61909	 Roca	Chica	 5227	 60	 Ua	34135	
-4.23744	 37.41378	 Cueva	de	los	M_rmoles	 5225	 40	 Beta	313471	
13.106	 43.719	 Ripabianca	di	Monterado	 5214	 85	 R	599	
-5.65922	 36.67247	 Cueva	de	la	Dehesilla	 5211	 100	 UGRA	259	
-3.50895	 40.85352	 Cueva	de	la	Higuera	 5208	 60	 Beta	166230	
-1.61354	 38.23822	 Cueva	del	Pozo	 5205	 120	 I	16783	
2.25613	 41.55933	 Can	Bellsola	 5203	 80	 AA	19187	
-8.75841	 37.1783	 Vale	Santo	1	 5201	 60	 Wk	12139	
-0.44094	 40.36191	 Cueva	del	Gato	 5200	 50	 GrA	22525	
-3.943	 39.93	 El	Tonto	 5199	 30	 Beta	317251	
-2.56015	 42.60336	 Los	Husos	I	 5195	 60	 Beta	161182	
8.338403	 44.214089	 Arma	dell'Aquila	 5189	 90	 Bln	3450	
2.33	 43.28	 Font-Juve_nal		 5184	 85	 Ly	4770	
-2.47354	 42.76646	 Atxoste	 5172	 60	 GrA	9789	
11.358947	 44.497669	 Bologna	via	Andrea	Costa	 5172	 50	 LTL2427a	
-2.63538	 42.24211	 Cueva	Lobrega	 5165	 100	 GrN	16110	
10.417	 44.133	 Muraccio	 5158	 80	 R	427	
-8.602	 37.143	 Alcalar	7	 5149	 70	 Sac	1608	
1.578	 41.2	 Cova	Foradada	 5149	 40	 Beta	248524	
17.960887	 40.155945	 Grotte	du	Cavallo	 5147	 80	 R	432	
4.372	 44.06	 Grotte	de	l'Aigle	 5144	 100	 MC	563	
6.396823	 43.003504	 Port	Cros	 5141	 50	 Ly	1601	
-4.326	 36.714	 Cueva	del	Hoyo	de	la	Mina	 5140	 65	 Ua	19444	
4.822958	 44.540393	 Espeluche-Lalo	 5136	 30	 Ly	11187	
0.60203	 40.70845	 Cova	del	Vidre	 5134	 90	 Beta	58934	
2.18839	 42.14358	 Font	de	la	Vena	 5133	 100	 UBAR	61	
0.91481	 42.078253	 Cova	Colomera	 5131	 40	 Beta	279478	
2.74318	 42.274	 Plansallosa	 5131	 60	 Beta	74311	
6.777634	 43.765359	 Lombard	(Grotte)	 5129	 120	 Ly	3331	
11.21	 43.79	 Mileto	 5127	 80	 Beta	44114	
-3.497	 42.446	 Alto	de	Rodilla	 5123	 55	 CSIC	1967	
-8.85556	 38.58052	 Casal	da	Cerca	 5114	 50	 Beta	235886	
10.367	 45.133	 Campo	Ceresole	 5110	 110	 I	11445	
-5.90874	 38.02778	 Cueva	Chica	de	Santiago	 5101	 100	 UGRA	254	
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-1.79438	 37.26843	 Cerro	Virtud	 5087	 180	 Beta	101424	
-3.75138	 42.39791	 Fuente	Celada	 5072	 30	 UGA	75665	
-3.82055	 42.31792	 Molino	de	Arriba	 5072	 30	 KIA	41450	
13.767	 37.183	 Piano	Vento	 5071	 90	 A	4474	
9.533	 44.867	 Travo,	Case	Gazza	 5060	 160	 I	13798	
-4.39121	 42.41557	 La	Velilla	 5055	 190	 GrN	20327	
-2.498307	 34.966502	 Mtlili	5	 5055	 35	 KIA	31002	
-3.50072	 42.34947	 Portalæn	 5039	 50	 Beta	222339	
-7.37305	 41.14315	 Prazo	 5039	 50	 Ua	20496	
-8.40758	 39.60366	 Senhora	das	Lapas	 5038	 70	 ICEN	805	
-2.99654	 42.86258	 Fuente	Hoz	 5034	 280	 I	12084	
-8.89574	 37.05926	 Vale	Boi	 5029	 40	 Wk	17842	
11.105	 46.009	 Rochas	 5021	 210	 Ly	2748	
-1.75129	 42.79451	 Paternanbidea	 5019	 40	 GrA	13673	
-3.20679	 36.78753	
Cueva	de	los	Murci_lagos	
Albu_ol	 5014	 45	 CSIC	1133	
12.86	 43.98	 Grotta	del'Orso	 5005	 50	 R	676	
-6.82477	 39.40952	 Barruecos	 5001	 40	 Beta	171124	
-9.13295	 38.74558	 Encosta	de	Sant	Ana	 4992	 60	 Sac	1990	
-9.39234	 38.76661	 Sao	Pedro	de	Canaferrim	 4992	 60	 ICEN	1152	
10.618207	 44.684958	 Via	Rivoluzione	d'ottobre	 4975	 110	 I	12518	
6.156323	 43.763113	 Capitane	(Abri	du)	 4974	 150	 Gif	1111	
0.29349	 41.37249	 Riols	I	 4961	 100	 C	1	
-3.114	 43.274	 Arenaza	 4954	 75	 OxA	7157	
-2.55137	 42.60332	 Los	Husos	II	 4951	 40	 Beta	221640	
5.15	 44.05	 Unang	 4951	 170	 Unknown	
-0.93666	 42.38671	 Paco	Pons	 4946	 45	 GrA	19295	
8.033	 44.702	 Alba	 4943	 80	 GX	20845	
11.145	 46.058	 Riparo	Gaban	 4926	 45	 Bln	1777	
10.706	 44.596	 Chiozza	di	Scandiano	 4917	 200	 R	458	
-0.27978	 40.5058	 Cingle	del	Mas	Cremat	 4915	 50	 Beta	232340	
0.069548	 40.164727	 Cova	del	Petrol 	 4913	 40	 Beta	172871	
-3.55592	 40.32829	 El	Congosto	 4909	 50	 KIA	27582	
9.553291	 44.859719	 Sant_andrea	 4900	 26	 Hd	23010	
-6.871137	 33.967446	 El	Harhoura	1	&	2		 4896	 210	 Ly	2149		
0.15613	 40.14064	 Costamar	 4885	 38	 OxA	23578	
-9.2292	 39.39571	 Casa	da	Moura	 4883	 60	 TO	953	
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-3.290052	 35.198229	 Ifri	Armas	 4878	 33	 UBA	8082	
16.035	 39.93	 Mesocco,	Tec	Nev	 4848	 110	 -	
-0.45385	 38.3612	 Tossal	de	les	Basses	 4835	 50	 Beta	232484	
-3.22674	 43.35946	 Los	Gitanos	 4830	 55	 AA	29113	
-4.17392	 36.9241	 Cerro	de	la	Capellan a	 4825	 130	 Ly	4420	
0.23619	 42.41889	 Puyascada	 4814	 60	 CSIC	384	
11.099	 46.083	 La	Vela	 4790	 44	 UtC	10550	
-3.65822	 40.41854	 O'Donnell	 4784	 40	 Beta	206546	
9.752	 45.032	 Le	Mose	 4775	 45	 LTL	1353a	
5.221158	 44.174456	 Mont	Ventoux	2	 4752	 45	 Ly	1397	
-0.409	 40.526	 Toros	de	Cantavieja	 4752	 50	 GrA	24791	
2.17827	 41.51733	 El	Padræ	II	 4741	 100	 UBAR	115	
-8.08377	 41.08829	 Buraco	da	Pala	 4735	 30	 GrN	19104	
-2.62198	 43.3633	 Kobaederra	 4726	 240	 UBAR	471	
3.18	 43.95	 ROC	TROUE	 4711	 80	 Gif	7688	
18.48	 40.08	 Grotta	di	Porto	Badisco	 4710	 55	 R	1225	
-0.44099	 38.89103	 Missena	 4701	 40	 Beta	244535	
2.4886	 42.15989	 Cova	Avellaner	 4691	 100	 UBAR	109	
-0.21587	 38.97494	 Cova	de	la	Recambra	 4689	 220	 Ly	2849	
-1.70138	 42.99423	 Abauntz	 4673	 40	 GrN	21010	
7.279918	 43.701057	 Place	Garibaldi	 4673	 40	 Ly	3743	
2.312	 41.647	 Pla	del	Serrador	 4660	 40	 Poz	10422	
6.923886	 43.6601	 Chiris	 4654	 45	 Ly	7628	
-3.45003	 43.27126	 El	Miræn	 4644	 90	 GX	25856	
-8.55077	 37.18447	 Castelo	Belinho	 4640	 70	 Sac	2031	
3.465962	 43.555871	 Puech	Haut	 4639	 55	 Ly	11252	
-2.39934	 37.04747	 Terrera	Ventura	 4635	 350	 HAR	155	
-8.45112	 42.16551	 Monte	dos	Remedios	 4630	 40	 Ua	32670	
1.849	 42.382	 Sanavastre	 4630	 60	 UBAR	574	
-5.14539	 39.73844	 Dolmen	de	Azut_n	 4614	 130	 Ly	4578	
-4.665888	 36.60555	 Abrigo	6	 4612	 38	 Col	1556	
10.812158	 44.601511	 Cantone	di	Magreta	 4607	 50	 LTL2437a	
2.167	 41.376	 Reina	Amelia	 4603	 40	 Beta	259278	
3.607562	 43.874608	 Claux	(Le)	 4597	 170	 KN	315	
2.38049	 41.60404	 Ca	l	Estrada	 4592	 40	 Poz	10391	
-0.62946	 38.43949	 Cova	Sant	Mart 	 4592	 40	 Beta	166467	
10.235432	 44.779945	 Vicofertile	 4592	 45	 LTL	4571a	
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-4.194	 40.01252	 T_mulo	del	Castillejo	 4580	 150	 Beta	132917	
2.594898	 42.728779	 Belesta	 4571	 50	 Ly	8626	
2.46195	 42.16178	 Codella	 4571	 60	 Beta	221900	
-3.66766	 40.34419	 Colector	H05	 4542	 30	 DSH	275	
11.04666	 45.691145	 Ala	Le	Corone	 4522	 33	 KIA	30573	
4.33	 44.33	 Chazelles	 4519	 110	 Lv	365	
-3.87751	 37.2835	 La	Loma	 4516	 40	 Beta	296958	
2.417266	 42.15416	 La	Dou	 4495	 50	 Beta	221903	
10.272845	 44.751501	 Gaione	 4488	 45	 Hd	25829	
10.213901	 44.815252	 Ponterato	 4488	 45	 LTL	5040a	
2.73747	 42.16899	 Cova	d'en	Pau	 4485	 180	 GaK	12409	
-6.19872	 36.46793	 Campo	de	Hockey	 4479	 40	 CNA	664	
-5.801353	 35.555082	 Grotte	des	Idoles		 4477	 80	 Gif-A	92332		
-0.21942	 38.73141	 Coves	de	Santa	Maira	 4475	 60	 Beta	75224	
1.173	 41.376	 Molins	de	la	Vila	 4464	 60	 UBAR	727	
-5.940113	 35.285073	 Wadi	Tahadart		 4463	 200	 UQ	1556		
2.08309	 41.62108	 Pla	de	la	Bruguera	 4458	 110	 UBAR	249	
10.352917	 44.737403	 Botteghino	 4439	 25	 Hd	25298	
0.68767	 40.72558	 Barranc	de	Fabra	 4436	 110	 Beta	61490	
7.42136	 45.739037	 Vollein	 4434	 70	 UtC	1695	
2.0835640
6	 41.50714	 Bóbila	Madurell	 4426	 70	 CSIC	382a	
-2.438688	 35.177072	 El	Zafr n	 4420	 30	 KIA	17373	
-0.15885	 41.0231	 Las	Torrazas	 4414	 60	 GrN	18320	
15.78	 40.9	
Grotta	del	Santuario	della	
Madonna	 4406	 75	 R	284	
-8.42844	 38.3528	 Cabe o	do	Pez	 4380	 130	 Q	2499	
-7.03031	 37.27194	 Papauvas	 4377	 300	 UGRA	329	
10.44946	 45.072616	 Rivarolo	Mantovanto	 4356	 40	 GrN	27947	
-8.04249	 41.0611	 Costalena	 4330	 50	 GrA	13264	
-2.637	 43.347	 Cueva	de	Santimami_e	 4296	 50	 Beta	240898	
1.51224	 41.4222	 Font	del	Molinot	 4276	 90	 MC	1111	
5.95	 44.13	 FRIGOURAS	 4274	 100	 Gif	8479	
-2.360002	 34.718821	 Taoungat	7	 4252	 35	 KIA	39291	
-1.50709	 39.65226	 Joani_a	 4231	 210	 Sac	1380	
2.99252	 42.42716	 Arreganyats	 4220	 100	 UGRA	148	
-3.13524	 43.32267	 Pico	Ramos	 4211	 40	 Beta	181689	
10.767908	 45.872859	 Molina	di	Ledro	 4206	 90	 R	1741a	
-1.14774	 42.68972	 Padre	Areso	 4201	 100	 GrN	14599	
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10.837144	 45.543234	 Rivoli	Rocca	 4196	 70	 Birm	617	
2.74508	 41.88147	 Turæ	de	la	Font	del	Roure	 4185	 90	 AA	8652	
1.99	 44.36	 Garvimire	 4185	 90	 AA	8652	
1.62064	 41.57185	 Vilars	de	Tous	 4169	 90	 UBAR	554	
1.97594	 41.59704	 Cova	dels	Lladres	 4161	 90	 UBAR	63	
-5.635	 36.817	 Alberite	 4154	 70	 Beta	80602	
2.41517	 42.25436	 Cova	de	les	Griuteres	 4122	 90	 UBAR	274	
2.609	 42.13889	 Cova	del	Pasteral	 4114	 70	 UBAR	101	
1.58245	 41.36487	 Hort	d'En	Grimau	 4113	 65	 A	465	
-4.75396	 43.42224	 Sierra	Plana	 4065	 50	 OxA	6914	
-1.607	 38.039	 Abrigo	del	Milano	II	 4050	 280	 I	14655	
-2.87024	 42.69723	 Larrenke	 4043	 100	 LR*3	
2.91	 42.83	 Coma	Franceze	 4031	 70	 Gif	7292	
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APPENDIX C 
STOCHASTICITY TESTS 
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These tables contain the results of statistical sampling tests designed to indicate if a 
significant difference exists between the results of 1000 runs of the Cardial Spread Model 
and runs with smaller sample sizes. Each table represents samples from the results from 
one set of parameters, repeated 1000 times. Each sample size was also tested 1000 times 
and the average P value for each t-test is included. No significant difference (p<0.05) was 
detected between any of the sample sizes and the full sample of 1000 runs. 
 
Wave of Advance Model, Best Wheat Locations Map, Forager Density 1, Land Value 50 
Sample Size Mean P Value 
10 0.500511523 
50 0.519303945 
100 0.545786163 
200 0.56448221 
250 0.592512084 
300 0.590288441 
350 0.605467885 
500 0.662439302 
750 0.766852464 
  Wave of Advance Model, Best Wheat Locations Map, Forager Density 1, Land Value 75 
Sample Size Mean P Value 
10 0.505485424 
50 0.512813178 
100 0.53208233 
200 0.554302325 
250 0.56923187 
300 0.578730353 
350 0.603614291 
500 0.661993717 
750 0.771156321 
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Wave of Advance Model, Best Wheat Locations Map, Forager Density 10, Land Value 
50 
Sample Size Mean P Value 
10 0.477442315 
50 0.525566063 
100 0.524771665 
200 0.544704123 
250 0.568618564 
300 0.605269656 
350 0.613185482 
500 0.661704067 
750 0.767893363 
  Wave of Advance Model, Best Wheat Locations Map, Forager Density 10, Land Value 
75 
Sample Size Mean P Value 
10 0.482505094 
50 0.489268477 
100 0.509790801 
200 0.543445431 
250 0.547442854 
300 0.569978134 
350 0.603583518 
500 0.658770119 
750 0.768025757 
  Wave of Advance Model, Best Wheat Locations Map, Forager Density 5, Land Value 50 
Sample Size Mean P Value 
10 0.490609857 
50 0.53363534 
100 0.518910772 
200 0.553726966 
250 0.577262451 
300 0.600574384 
350 0.614249043 
500 0.667688499 
750 0.776018721 
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Wave of Advance Model, Best Wheat Locations Map, Forager Density 5, Land Value 75 
Sample Size Mean P Value 
10 0.511828624 
50 0.506696016 
100 0.522717203 
200 0.556966656 
250 0.56567211 
300 0.595110262 
350 0.605730325 
500 0.669397561 
750 0.769842397 
  Wave of Advance Model, Best Wheat & River Locations Map, Forager Density 10, Land 
Value 75 
Sample Size Mean P Value 
10 0.504632207 
50 0.52316045 
100 0.508688282 
200 0.556439236 
250 0.581832743 
300 0.577491141 
350 0.607454428 
500 0.6660595 
750 0.765717775 
  Wave of Advance Model, Best Wheat & River Locations Map, Forager Density 5, Land 
Value 75 
Sample Size Mean P Value 
10 0.500386223 
50 0.516181242 
100 0.536989374 
200 0.560072492 
250 0.57442589 
300 0.593463268 
350 0.620067412 
500 0.678930119 
750 0.765828812 
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Wave of Advance Model, Spring Precipitation Map, Forager Density 1, Land Value 50 
Sample Size Mean P Value 
10 0.500717514 
50 0.504195788 
100 0.543023681 
200 0.562239351 
250 0.569316376 
300 0.596850211 
350 0.611663773 
500 0.664610897 
750 0.76486236 
  Wave of Advance Model, Spring Precipitation Map, Forager Density 10, Land Value 50 
Sample Size Mean P Value 
10 0.488899341 
50 0.529170557 
100 0.535034091 
200 0.544546738 
250 0.601859914 
300 0.594415824 
350 0.615455033 
500 0.666061182 
750 0.767964826 
  Wave of Advance Model, Spring Precipitation Map, Forager Density 5, Land Value 50 
Sample Size Mean P Value 
10 0.500014516 
50 0.505646638 
100 0.53380534 
200 0.581537222 
250 0.584614072 
300 0.587764122 
350 0.623618008 
500 0.665891496 
750 0.772742412 
 
 
 
 
 308 
Capillary Spread, Best Wheat Locations, Forager Density 1, Leap Distance 50, Minimum 
Land Value 50 
Sample Size Mean P Value 
10 0.50638963 
50 0.5052906 
100 0.523071378 
200 0.56203978 
250 0.584472781 
300 0.605320482 
350 0.609562318 
500 0.649012191 
750 0.774265917 
  Capillary Spread, Best Wheat Locations, Forager Density 1, Leap Distance 50, Minimum 
Land Value 75 
Sample Size Mean P Value 
10 0.490091254 
50 0.515676056 
100 0.534302821 
200 0.554886688 
250 0.583912161 
300 0.603784173 
350 0.624707093 
500 0.665844439 
750 0.772829355 
  Capillary Spread, Best Wheat Locations, Forager Density 1, Leap Distance 75, Minimum 
Land Value 50 
Sample Size Mean P Value 
10 0.508229909 
50 0.502392674 
100 0.53798717 
200 0.568695371 
250 0.597141409 
300 0.611038761 
350 0.608602405 
500 0.661818059 
750 0.763912619 
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Capillary Spread, Best Wheat Locations, Forager Density 1, Leap Distance 75, Minimum 
Land Value 75 
Sample Size Mean P Value 
10 0.486028844 
50 0.510771651 
100 0.52709819 
200 0.556190876 
250 0.576276748 
300 0.59520722 
350 0.620310549 
500 0.673262679 
750 0.770350784 
  Capillary Spread, Best Wheat Locations, Forager Density 10, Leap Distance 50, 
Minimum Land Value 50 
Sample Size Mean P Value 
10 0.482826424 
50 0.511238819 
100 0.517643784 
200 0.566062772 
250 0.56730108 
300 0.591304604 
350 0.611871548 
500 0.660181454 
750 0.767421428 
  Capillary Spread, Best Wheat Locations, Forager Density 10, Leap Distance 50, 
Minimum Land Value 75 
Sample Size Mean P Value 
10 0.249410887 
50 0.448350221 
100 0.514177418 
200 0.565332675 
250 0.571445041 
300 0.569834434 
350 0.609170718 
500 0.674072762 
750 0.776622016 
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Capillary Spread, Best Wheat Locations, Forager Density 10, Leap Distance 75, 
Minimum Land Value 50 
Sample Size Mean P Value 
10 0.504808059 
50 0.514968753 
100 0.543286198 
200 0.556414543 
250 0.584880877 
300 0.594963721 
350 0.615753369 
500 0.680054647 
750 0.77209114 
  Capillary Spread, Best Wheat Locations, Forager Density 10, Leap Distance 75, 
Minimum Land Value 75 
Sample Size Mean P Value 
10 0.25426556 
50 0.469224822 
100 0.514221651 
200 0.540795381 
250 0.580293619 
300 0.614022417 
350 0.622081846 
500 0.655133294 
750 0.768415401 
  Capillary Spread, Best Wheat Locations, Forager Density 5, Leap Distance 50, Minimum 
Land Value 50 
Sample Size Mean P Value 
10 0.491635785 
50 0.467346282 
100 0.493202186 
200 0.539911748 
250 0.576275465 
300 0.584902453 
350 0.628239492 
500 0.667268124 
750 0.776146898 
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Capillary Spread, Best Wheat Locations, Forager Density 5, Leap Distance 50, Minimum 
Land Value 75 
Sample Size Mean P Value 
10 0.479981788 
50 0.494290671 
100 0.524079393 
200 0.575420628 
250 0.586069856 
300 0.585115777 
350 0.603016203 
500 0.657606689 
750 0.764504512 
  Capillary Spread, Best Wheat Locations, Forager Density 5, Leap Distance 75, Minimum 
Land Value 50 
Sample Size Mean P Value 
10 0.480174067 
50 0.449745527 
100 0.494893514 
200 0.540132437 
250 0.558719931 
300 0.584025402 
350 0.617588953 
500 0.655403265 
750 0.771338723 
  Capillary Spread, Best Wheat Locations, Forager Density 5, Leap Distance 75, Minimum 
Land Value 75 
Sample Size Mean P Value 
10 0.499454004 
50 0.509255577 
100 0.529128566 
200 0.561442241 
250 0.578698505 
300 0.596879438 
350 0.611985073 
500 0.660071118 
750 0.771956535 
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Capillary Spread, Best Wheat & River Locations, Forager Density 1, Leap Distance 50, 
Minimum Land Value 50 
Sample Size Mean P Value 
10 0.512844022 
50 0.524366863 
100 0.527439706 
200 0.563150528 
250 0.573891863 
300 0.597729871 
350 0.608124911 
500 0.674786939 
750 0.773234705 
  Capillary Spread, Best Wheat & River Locations, Forager Density 1, Leap Distance 50, 
Minimum Land Value 75 
Sample Size Mean P Value 
10 0.486395572 
50 0.512289501 
100 0.546741234 
200 0.558395612 
250 0.56870003 
300 0.594198839 
350 0.611518119 
500 0.664880689 
750 0.773498491 
  Capillary Spread, Best Wheat & River Locations, Forager Density 1, Leap Distance 75, 
Minimum Land Value 50 
Sample Size Mean P Value 
10 0.519361293 
50 0.527595098 
100 0.550975496 
200 0.561655452 
250 0.584014795 
300 0.590849424 
350 0.627483993 
500 0.673779838 
750 0.767074749 
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Capillary Spread, Best Wheat & River Locations, Forager Density 1, Leap Distance 75, 
Minimum Land Value 75 
Sample Size Mean P Value 
10 0.479820973 
50 0.507766148 
100 0.526217481 
200 0.557896156 
250 0.577761335 
300 0.604565107 
350 0.605517621 
500 0.668527021 
750 0.777084812 
  Capillary Spread, Best Wheat & River Locations, Forager Density 10, Leap Distance 50, 
Minimum Land Value 50 
Sample Size Mean P Value 
10 0.514214469 
50 0.512801931 
100 0.534515479 
200 0.559180982 
250 0.566755501 
300 0.59938411 
350 0.610997393 
500 0.659953053 
750 0.76119718 
  Capillary Spread, Best Wheat & River Locations, Forager Density 10, Leap Distance 50, 
Minimum Land Value 75 
Sample Size Mean P Value 
10 0.271107186 
50 0.453287319 
100 0.511086538 
200 0.551609316 
250 0.568864172 
300 0.590530073 
350 0.618390063 
500 0.672354291 
750 0.758228153 
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Capillary Spread, Best Wheat & River Locations, Forager Density 10, Leap Distance 75, 
Minimum Land Value 50 
Sample Size Mean P Value 
10 0.503539187 
50 0.512261172 
100 0.536686802 
200 0.55069881 
250 0.566652818 
300 0.578153825 
350 0.600023463 
500 0.656079664 
750 0.775589713 
  Capillary Spread, Best Wheat & River Locations, Forager Density 10, Leap Distance 75, 
Minimum Land Value 75 
Sample Size Mean P Value 
10 0.2113385 
50 0.501948116 
100 0.528895798 
200 0.566477633 
250 0.593293145 
300 0.588594164 
350 0.597209567 
500 0.681712795 
750 0.778053211 
  Capillary Spread, Best Wheat & River Locations, Forager Density 5, Leap Distance 50, 
Minimum Land Value 50 
Sample Size Mean P Value 
10 0.481383986 
50 0.471059368 
100 0.509481544 
200 0.548833575 
250 0.563247295 
300 0.597670664 
350 0.609177389 
500 0.670769094 
750 0.766812955 
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Capillary Spread, Best Wheat & River Locations, Forager Density 5, Leap Distance 50, 
Minimum Land Value 75 
Sample Size Mean P Value 
10 0.507672517 
50 0.506335229 
100 0.538451348 
200 0.564792029 
250 0.576718643 
300 0.612007844 
350 0.614535877 
500 0.671184055 
750 0.768402993 
  Capillary Spread, Best Wheat & River Locations, Forager Density 5, Leap Distance 75, 
Minimum Land Value 50 
Sample Size Mean P Value 
10 0.474403163 
50 0.489997367 
100 0.516234683 
200 0.542724435 
250 0.579629897 
300 0.602468909 
350 0.605903845 
500 0.671307731 
750 0.766887576 
  Capillary Spread, Slope Map, Forager Density 1, Leap Distance 50, Minimum Land 
Value 50 
Sample Size Mean P Value 
10 0.493561975 
50 0.527783399 
100 0.538977261 
200 0.569286946 
250 0.570746666 
300 0.598294431 
350 0.614990937 
500 0.660900393 
750 0.788421191 
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Capillary Spread, Slope Map, Forager Density 1, Leap Distance 50, Minimum Land 
Value 75 
Sample Size Mean P Value 
10 0.496306922 
50 0.508313089 
100 0.526059045 
200 0.555349233 
250 0.57905101 
300 0.604334449 
350 0.59985192 
500 0.664308774 
750 0.767783407 
  Capillary Spread, Slope Map, Forager Density 1, Leap Distance 75, Minimum Land 
Value 50 
Sample Size Mean P Value 
10 0.505609785 
50 0.500384144 
100 0.539394689 
200 0.569821378 
250 0.579767059 
300 0.592173761 
350 0.599999207 
500 0.672504595 
750 0.772104028 
  Capillary Spread, Slope Map, Forager Density 1, Leap Distance 75, Minimum Land 
Value 75 
Sample Size Mean P Value 
10 0.494959133 
50 0.518485139 
100 0.539380275 
200 0.574712448 
250 0.571114335 
300 0.584292599 
350 0.610088876 
500 0.674663544 
750 0.775846009 
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Capillary Spread, Slope Map, Forager Density 10, Leap Distance 50, Minimum Land 
Value 50 
Sample Size Mean P Value 
10 0.49389715 
50 0.528561792 
100 0.529748139 
200 0.558362399 
250 0.569025403 
300 0.600317261 
350 0.616741562 
500 0.654463903 
750 0.77707952 
  Capillary Spread, Slope Map, Forager Density 10, Leap Distance 50, Minimum Land 
Value 75 
Sample Size Mean P Value 
10 0.508282432 
50 0.491409332 
100 0.536059669 
200 0.572515973 
250 0.580720422 
300 0.594850561 
350 0.602084864 
500 0.660604935 
750 0.773527483 
  Capillary Spread, Slope Map, Forager Density 10, Leap Distance 75, Minimum Land 
Value 50 
Sample Size Mean P Value 
10 0.5023593 
50 0.514578442 
100 0.518357774 
200 0.561739839 
250 0.561859214 
300 0.602894611 
350 0.610656776 
500 0.678034517 
750 0.766136992 
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Capillary Spread, Slope Map, Forager Density 10, Leap Distance 75, Minimum Land 
Value 75 
Sample Size Mean P Value 
10 0.513334204 
50 0.501036876 
100 0.543070002 
200 0.573160276 
250 0.577091988 
300 0.596098034 
350 0.603842186 
500 0.656012215 
750 0.767729137 
  Capillary Spread, Slope Map, Forager Density 5, Leap Distance 50, Minimum Land 
Value 50 
Sample Size Mean P Value 
10 0.497044733 
50 0.495500426 
100 0.538207005 
200 0.558249153 
250 0.580945874 
300 0.593684963 
350 0.60970678 
500 0.665112821 
750 0.768932207 
  Capillary Spread, Slope Map, Forager Density 5, Leap Distance 50, Minimum Land 
Value 75 
Sample Size Mean P Value 
10 0.490123338 
50 0.480944829 
100 0.501765085 
200 0.548509222 
250 0.568864856 
300 0.578577043 
350 0.607942924 
500 0.669845993 
750 0.765800022 
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Capillary Spread, Slope Map, Forager Density 5, Leap Distance 75, Minimum Land 
Value 50 
Sample Size Mean P Value 
10 0.496408886 
50 0.504029665 
100 0.526649551 
200 0.565070103 
250 0.580400037 
300 0.5772198 
350 0.633077251 
500 0.663869485 
750 0.76493409 
  Capillary Spread, Slope Map, Forager Density 5, Leap Distance 75, Minimum Land 
Value 75 
Sample Size Mean P Value 
10 0.479242355 
50 0.489943748 
100 0.51603562 
200 0.551822828 
250 0.572183871 
300 0.591926605 
350 0.60835176 
500 0.668689717 
750 0.772648852 
  Capillary Spread, Spring Precipitation Map, Forager Density 1, Leap Distance 50, 
Minimum Land Value 50 
Sample Size Mean P Value 
10 0.487179249 
50 0.515415481 
100 0.513705276 
200 0.555422919 
250 0.587699103 
300 0.579056995 
350 0.618003929 
500 0.673795072 
750 0.76443711 
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Capillary Spread, Spring Precipitation Map, Forager Density 1, Leap Distance 50, 
Minimum Land Value 75 
Sample Size Mean P Value 
10 0.484878014 
50 0.491764762 
100 0.537193265 
200 0.55305929 
250 0.584228577 
300 0.595947343 
350 0.629120187 
500 0.676330565 
750 0.77288778 
  Capillary Spread, Spring Precipitation Map, Forager Density 1, Leap Distance 75, 
Minimum Land Value 50 
Sample Size Mean P Value 
10 0.494167174 
50 0.524350459 
100 0.547286211 
200 0.577535729 
250 0.578354358 
300 0.595076331 
350 0.62120088 
500 0.655211519 
750 0.765582365 
  Capillary Spread, Spring Precipitation Map, Forager Density 1, Leap Distance 75, 
Minimum Land Value 75 
Sample Size Mean P Value 
10 0.493787807 
50 0.52956005 
100 0.540491785 
200 0.563259834 
250 0.589066813 
300 0.588448798 
350 0.612218428 
500 0.661914383 
750 0.769458933 
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Capillary Spread, Spring Precipitation Map, Forager Density 10, Leap Distance 50, 
Minimum Land Value 50 
Sample Size Mean P Value 
10 0.411265667 
50 0.469847333 
100 0.526601551 
200 0.542350012 
250 0.566660976 
300 0.590232806 
350 0.605358337 
500 0.669591388 
750 0.775432374 
  Capillary Spread, Spring Precipitation Map, Forager Density 10, Leap Distance 50, 
Minimum Land Value 75 
Sample Size Mean P Value 
10 0.504853475 
50 0.519862171 
100 0.535015438 
200 0.564482541 
250 0.572012163 
300 0.600403164 
350 0.604926614 
500 0.669573973 
750 0.764101193 
  Capillary Spread, Spring Precipitation Map, Forager Density 10, Leap Distance 75, 
Minimum Land Value 50 
Sample Size Mean P Value 
10 0.364751882 
50 0.472214505 
100 0.484286123 
200 0.557788521 
250 0.570289853 
300 0.596821005 
350 0.608515161 
500 0.662396646 
750 0.7701339 
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Capillary Spread, Spring Precipitation Map, Forager Density 10, Leap Distance 75, 
Minimum Land Value 75 
Sample Size Mean P Value 
10 0.501688472 
50 0.505310131 
100 0.54134077 
200 0.564279583 
250 0.599437764 
300 0.589147814 
350 0.613800742 
500 0.662139213 
750 0.769948628 
  Capillary Spread, Spring Precipitation Map, Forager Density 5, Leap Distance 50, 
Minimum Land Value 50 
Sample Size Mean P Value 
10 0.449331486 
50 0.505499965 
100 0.520426657 
200 0.547008832 
250 0.586068385 
300 0.606423024 
350 0.602415159 
500 0.664563732 
750 0.773435323 
  Capillary Spread, Spring Precipitation Map, Forager Density 5, Leap Distance 50, 
Minimum Land Value 75 
Sample Size Mean P Value 
10 0.499243849 
50 0.518988967 
100 0.544223344 
200 0.549336683 
250 0.587948513 
300 0.597974156 
350 0.617657772 
500 0.669858459 
750 0.765745916 
 
 
 323 
Capillary Spread, Spring Precipitation Map, Forager Density 5, Leap Distance 75, 
Minimum Land Value 50 
Sample Size Mean P Value 
10 0.415017221 
50 0.50204311 
100 0.522404025 
200 0.576480409 
250 0.579604363 
300 0.585440188 
350 0.617278225 
500 0.667056375 
750 0.770702334 
  Capillary Spread, Spring Precipitation Map, Forager Density 5, Leap Distance 75, 
Minimum Land Value 75 
Sample Size Mean P Value 
10 0.487491988 
50 0.530457922 
100 0.529124659 
200 0.558425322 
250 0.586661812 
300 0.596519646 
350 0.610861043 
500 0.668895609 
750 0.762723366 
 
The MPC Model, Best Wheat Locations Map,  Forager Density 1, Maritime Leap 
Distance 100, Land Value 50 
Sample Size Mean P Value 
10 0.502710129 
50 0.516326259 
100 0.53844929 
200 0.588931985 
250 0.596072667 
300 0.65052056 
350 0.679981065 
500 0.779514982 
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The MPC Model, Best Wheat Locations Map,  Forager Density 1, Maritime Leap 
Distance 100, Land Value 75 
Sample Size Mean P Value 
10 0.486583452 
50 0.502853908 
100 0.513215683 
200 0.555442601 
250 0.577175217 
300 0.597161906 
350 0.624339711 
500 0.734185811 
  The MPC Model, Best Wheat Locations Map,  Forager Density 1, Maritime Leap 
Distance 200, Land Value 50 
Sample Size Mean P Value 
10 0.528080022 
50 0.516083599 
100 0.546121868 
200 0.591525369 
250 0.599018845 
300 0.64145608 
350 0.66410123 
500 0.755730824 
  The MPC Model, Best Wheat Locations Map,  Forager Density 1, Maritime Leap 
Distance 200, Land Value 75 
Sample Size Mean P Value 
10 0.52466104 
50 0.538842093 
100 0.560006941 
200 0.586901249 
250 0.613787565 
300 0.649872893 
350 0.662727183 
500 0.744524809 
 
 
 
 
 
 
 325 
The MPC Model, Best Wheat Locations Map,  Forager Density 10, Maritime Leap 
Distance 100, Land Value 50 
Sample Size Mean P Value 
10 0.483787121 
50 0.522260508 
100 0.528468972 
200 0.556989287 
250 0.585001851 
300 0.598512861 
350 0.608023125 
500 0.668114969 
750 0.776364709 
  The MPC Model, Best Wheat Locations Map,  Forager Density 10, Maritime Leap 
Distance 100, Land Value 75 
Sample Size Mean P Value 
10 0.493602623 
50 0.504900208 
100 0.525740444 
200 0.564979866 
250 0.600118317 
300 0.608348607 
350 0.610872355 
500 0.664433131 
750 0.770671967 
  The MPC Model, Best Wheat Locations Map,  Forager Density 10, Maritime Leap 
Distance 200, Land Value 50 
Sample Size Mean P Value 
10 0.500223735 
50 0.502586272 
100 0.526332661 
200 0.554663396 
250 0.59310145 
300 0.596428439 
350 0.613588607 
500 0.669053894 
750 0.767424716 
 
 
 326 
The MPC Model, Best Wheat Locations Map,  Forager Density 10, Maritime Leap 
Distance 200, Land Value 75 
Sample Size Mean P Value 
10 0.495527202 
50 0.51379377 
100 0.543619244 
200 0.569490859 
250 0.565634609 
300 0.604162443 
350 0.604972119 
500 0.671588314 
750 0.766338113 
  The MPC Model, Best Wheat Locations Map,  Forager Density 5, Maritime Leap 
Distance 100, Land Value 50 
Sample Size Mean P Value 
10 0.514186748 
50 0.524686654 
100 0.535817703 
200 0.566116699 
250 0.57194938 
300 0.598763776 
350 0.600738602 
500 0.668179031 
750 0.780618094 
  The MPC Model, Best Wheat Locations Map,  Forager Density 5, Maritime Leap 
Distance 100, Land Value 75 
Sample Size Mean P Value 
10 0.496045772 
50 0.51444625 
100 0.522645442 
200 0.566901433 
250 0.587226068 
300 0.60221475 
350 0.605502748 
500 0.677974499 
750 0.773635819 
 
 
 327 
The MPC Model, Best Wheat Locations Map,  Forager Density 5, Maritime Leap 
Distance 200, Land Value 50 
Sample Size Mean P Value 
10 0.503852789 
50 0.513832303 
100 0.519332241 
200 0.54630463 
250 0.558737495 
300 0.572975251 
350 0.584769391 
500 0.647465466 
750 0.760463261 
  The MPC Model, Best Wheat Locations Map,  Forager Density 5, Maritime Leap 
Distance 200, Land Value 75 
Sample Size Mean P Value 
10 0.498977753 
50 0.499731286 
100 0.51789536 
200 0.551299666 
250 0.552707358 
300 0.59535716 
350 0.613588137 
500 0.639093279 
750 0.764158559 
  The MPC Model, Best Wheat Locations and Rivers Map, Forager Density 1, Maritime 
Leap Distance 100, Land Value 50 
Sample Size Mean P Value 
10 0.502463674 
50 0.52626545 
100 0.539281909 
200 0.584664268 
250 0.609084419 
300 0.62779151 
350 0.66344213 
500 0.742990073 
 
 
 
 
 
 
 328 
 
The MPC Model, Best Wheat Locations and Rivers Map, Forager Density 1, Maritime 
Leap Distance 100, Land Value 75 
Sample Size Mean P Value 
10 0.480821764 
50 0.511644195 
100 0.536651483 
200 0.601358041 
250 0.620415808 
300 0.635083428 
350 0.667666736 
500 0.749960887 
  The MPC Model, Best Wheat Locations and Rivers Map, Forager Density 1, Maritime 
Leap Distance 200, Land Value 50 
Sample Size Mean P Value 
10 0.507923136 
50 0.521199508 
100 0.533109899 
200 0.57977823 
250 0.6257705 
300 0.653583258 
350 0.672799591 
500 0.765686963 
  The MPC Model, Best Wheat Locations and Rivers Map, Forager Density 1, Maritime 
Leap Distance 200, Land Value 75 
Sample Size Mean P Value 
10 0.508084395 
50 0.510337256 
100 0.541679651 
200 0.601590711 
250 0.6167272 
300 0.646098519 
350 0.66871809 
500 0.75741185 
 
 
 
 
 329 
The MPC Model, Best Wheat Locations and Rivers Map, Forager Density 10, Maritime 
Leap Distance 100, Land Value 50 
Sample Size Mean P Value 
10 0.508457585 
50 0.515910409 
100 0.533027671 
200 0.555259435 
250 0.5812963 
300 0.581049729 
350 0.613622245 
500 0.678928783 
750 0.76075897 
  The MPC Model, Best Wheat Locations and Rivers Map, Forager Density 10, Maritime 
Leap Distance 100, Land Value 75 
Sample Size Mean P Value 
10 0.480753532 
50 0.511844099 
100 0.527846176 
200 0.550146676 
250 0.589319687 
300 0.595509253 
350 0.614332514 
500 0.673695698 
750 0.774367769 
  The MPC Model, Best Wheat Locations and Rivers Map, Forager Density 10, Maritime 
Leap Distance 200, Land Value 50 
Sample Size Mean P Value 
10 0.510633794 
50 0.533169488 
100 0.529234151 
200 0.557415154 
250 0.578560078 
300 0.604701322 
350 0.609945643 
500 0.661648714 
750 0.766484773 
 
 
 330 
The MPC Model, Best Wheat Locations and Rivers Map, Forager Density 10, Maritime 
Leap Distance 200, Land Value 75 
Sample Size Mean P Value 
10 0.484433897 
50 0.506144184 
100 0.548079994 
200 0.558312204 
250 0.586430342 
300 0.602688575 
350 0.604435727 
500 0.665977332 
750 0.767697402 
  The MPC Model, Best Wheat Locations and Rivers Map, Forager Density 5, Maritime 
Leap Distance 100, Land Value 50 
Sample Size Mean P Value 
10 0.500132296 
50 0.511471795 
100 0.536603597 
200 0.569410077 
250 0.583160966 
300 0.596961399 
350 0.61010047 
500 0.660384365 
750 0.764318408 
  The MPC Model, Best Wheat Locations and Rivers Map, Forager Density 5, Maritime 
Leap Distance 100, Land Value 75 
Sample Size Mean P Value 
10 0.472636216 
50 0.517070828 
100 0.529634138 
200 0.571201138 
250 0.568128591 
300 0.587067773 
350 0.608689774 
500 0.67352692 
750 0.758114852 
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The MPC Model, Best Wheat Locations and Rivers Map, Forager Density 5, Maritime 
Leap Distance 200, Land Value 50 
Sample Size Mean P Value 
10 0.498385325 
50 0.518737286 
100 0.524239702 
200 0.568442796 
250 0.588021876 
300 0.596903782 
350 0.620593691 
500 0.670882765 
750 0.780898221 
  The MPC Model, Slope Map, Forager Density 1, Maritime Leap Distance 100, Land 
Value 50 
Sample Size Mean P Value 
10 0.505861132 
50 0.51986056 
100 0.533937543 
200 0.588665858 
250 0.6175537 
300 0.639985181 
350 0.673092551 
500 0.758269183 
  The MPC Model, Slope Map, Forager Density 1, Maritime Leap Distance 100, Land 
Value 75 
Sample Size Mean P Value 
10 0.489214901 
50 0.525848388 
100 0.538840745 
200 0.592588153 
250 0.590706649 
300 0.633694995 
350 0.662150204 
500 0.75695451 
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The MPC Model, Slope Map, Forager Density 1, Maritime Leap Distance 200, Land 
Value 50 
Sample Size Mean P Value 
10 0.494025432 
50 0.529338257 
100 0.55688979 
200 0.591311387 
250 0.631667914 
300 0.650297848 
350 0.677981909 
500 0.759933425 
  The MPC Model, Slope Map, Forager Density 1, Maritime Leap Distance 200, Land 
Value 75 
Sample Size Mean P Value 
10 0.504856044 
50 0.506185715 
100 0.532783382 
200 0.581545639 
250 0.617714749 
300 0.6505707 
350 0.675434234 
500 0.75688738 
  The MPC Model, Slope Map, Forager Density 10, Maritime Leap Distance 100, Land 
Value 50 
Sample Size Mean P Value 
10 0.493743907 
50 0.50717306 
100 0.549737025 
200 0.558036041 
250 0.581805316 
300 0.598044005 
350 0.619973454 
500 0.668653362 
750 0.768426735 
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The MPC Model, Slope Map, Forager Density 10, Maritime Leap Distance 100, Land 
Value 75 
Sample Size Mean P Value 
10 0.475364338 
50 0.513157329 
100 0.521770913 
200 0.57811854 
250 0.584430947 
300 0.598690513 
350 0.613198252 
500 0.671958566 
750 0.758627013 
  The MPC Model, Slope Map, Forager Density 10, Maritime Leap Distance 200, Land 
Value 50 
Sample Size Mean P Value 
10 0.503101252 
50 0.522391129 
100 0.518931741 
200 0.570965585 
250 0.574951152 
300 0.607598713 
350 0.607813345 
500 0.659386377 
750 0.778572373 
  The MPC Model, Slope Map, Forager Density 10, Maritime Leap Distance 200, Land 
Value 75 
Sample Size Mean P Value 
10 0.49054085 
50 0.500490225 
100 0.533890156 
200 0.569586971 
250 0.578389888 
300 0.594348601 
350 0.605513312 
500 0.671029497 
750 0.772091662 
 
 
 334 
The MPC Model, Slope Map, Forager Density 5, Maritime Leap Distance 100, Land 
Value 50 
Sample Size Mean P Value 
10 0.504729855 
50 0.516937942 
100 0.517344299 
200 0.55386585 
250 0.575611745 
300 0.607768475 
350 0.619724503 
500 0.674413679 
750 0.767352654 
  The MPC Model, Slope Map, Forager Density 5, Maritime Leap Distance 100, Land 
Value 75 
Sample Size Mean P Value 
10 0.502747099 
50 0.500555149 
100 0.524053707 
200 0.555240881 
250 0.575511732 
300 0.594799246 
350 0.605780555 
500 0.666840023 
750 0.772574709 
  The MPC Model, Slope Map, Forager Density 5, Maritime Leap Distance 200, Land 
Value 50 
Sample Size Mean P Value 
10 0.503506474 
50 0.526740774 
100 0.545842372 
200 0.564671037 
250 0.585889354 
300 0.587262629 
350 0.607102399 
500 0.664533905 
750 0.766189596 
 
 
 
 335 
The MPC Model, Slope Map, Forager Density 5, Maritime Leap Distance 200, Land 
Value 75 
Sample Size Mean P Value 
10 0.51000505 
50 0.515283976 
100 0.528870338 
200 0.556443422 
250 0.567983522 
300 0.604854706 
350 0.617701617 
500 0.650594488 
750 0.77623677 
  The MPC Model, Spring Precipitation Map, Forager Density 1, Maritime Leap Distance 
100, Land Value 50 
Sample Size Mean P Value 
10 0.488714235 
50 0.515071479 
100 0.542625533 
200 0.587677868 
250 0.616281132 
300 0.650140964 
350 0.670060781 
500 0.759732985 
  The MPC Model, Spring Precipitation Map, Forager Density 1, Maritime Leap Distance 
200, Land Value 50 
Sample Size Mean P Value 
10 0.492793091 
50 0.528797386 
100 0.547148199 
200 0.605387224 
250 0.62506986 
300 0.661934034 
350 0.682208287 
500 0.779034932 
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The MPC Model, Spring Precipitation Map, Forager Density 1, Maritime Leap Distance 
200, Land Value 75 
Sample Size Mean P Value 
10 0.492341843 
50 0.532526508 
100 0.558370912 
200 0.604865425 
250 0.63927236 
300 0.6611838 
350 0.68262839 
500 0.800196022 
  The MPC Model, Spring Precipitation Map, Forager Density 10, Maritime Leap Distance 
100, Land Value 50 
Sample Size Mean P Value 
10 0.496165379 
50 0.502217005 
100 0.546204439 
200 0.559061851 
250 0.574192588 
300 0.608855068 
350 0.61104462 
500 0.668862895 
750 0.7705499 
  The MPC Model, Spring Precipitation Map, Forager Density 10, Maritime Leap Distance 
200, Land Value 50 
Sample Size Mean P Value 
10 0.512118674 
50 0.498990358 
100 0.536460791 
200 0.555813416 
250 0.579966187 
300 0.590574961 
350 0.610945346 
500 0.669802748 
750 0.765027102 
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The MPC Model, Spring Precipitation Map, Forager Density 10, Maritime Leap Distance 
200, Land Value 75 
Sample Size Mean P Value 
10 0.488772686 
50 0.536616689 
100 0.532066938 
200 0.566766544 
250 0.563463684 
300 0.57816162 
350 0.62425223 
500 0.657152059 
750 0.772203471 
  The MPC Model, Spring Precipitation Map, Forager Density 5, Maritime Leap Distance 
100, Land Value 50 
Sample Size Mean P Value 
10 0.455211919 
50 0.489986952 
100 0.528247364 
200 0.55543621 
250 0.591963999 
300 0.590045877 
350 0.603561734 
500 0.673944527 
750 0.770786957 
  The MPC Model, Spring Precipitation Map, Forager Density 5, Maritime Leap Distance 
200, Land Value 50 
Sample Size Mean P Value 
10 0.469568304 
50 0.503307522 
100 0.533987212 
200 0.572976887 
250 0.571902611 
300 0.589156499 
350 0.606704648 
500 0.656256271 
750 0.766778637 
 
 
 338 
The Dual Model, Best Wheat Locations,  Forager Density 1, Leap Distance 25, Minimum 
Land Value 50 
Sample Size Mean P Value 
10 0.49643999 
50 0.520619821 
100 0.521174225 
200 0.565562966 
250 0.584882952 
300 0.61139939 
350 0.612995018 
500 0.662693279 
750 0.775859518 
  The Dual Model, Best Wheat Locations,  Forager Density 1, Leap Distance 25, Minimum 
Land Value 75 
Sample Size Mean P Value 
10 0.491535252 
50 0.519759632 
100 0.523772805 
200 0.55714139 
250 0.574754074 
300 0.613074179 
350 0.628138542 
500 0.669469495 
750 0.767461267 
  The Dual Model, Best Wheat Locations,  Forager Density 1, Leap Distance 50, Minimum 
Land Value 50 
Sample Size Mean P Value 
10 0.503587517 
50 0.5056036 
100 0.535356257 
200 0.558855411 
250 0.570944251 
300 0.595644189 
350 0.611314238 
500 0.673521205 
750 0.763097919 
 
 
 339 
The Dual Model, Best Wheat Locations,  Forager Density 1, Leap Distance 50, Minimum 
Land Value 75 
Sample Size Mean P Value 
10 0.501070563 
50 0.520105346 
100 0.528488457 
200 0.563924228 
250 0.573051353 
300 0.591879534 
350 0.613881751 
500 0.671172873 
750 0.760408954 
  The Dual Model, Best Wheat Locations,  Forager Density 10, Leap Distance 25, 
Minimum Land Value 50 
Sample Size Mean P Value 
10 0.51490655 
50 0.512321686 
100 0.537860933 
200 0.550373991 
250 0.581959444 
300 0.586705226 
350 0.615614338 
500 0.670544116 
750 0.771410984 
  The Dual Model, Best Wheat Locations,  Forager Density 10, Leap Distance 25, 
Minimum Land Value 75 
Sample Size Mean P Value 
10 0.506322483 
50 0.516487546 
100 0.517913895 
200 0.5645194 
250 0.572414047 
300 0.599830055 
350 0.617600523 
500 0.682809577 
750 0.78029696 
 
 
 340 
The Dual Model, Best Wheat Locations,  Forager Density 10, Leap Distance 50, 
Minimum Land Value 50 
Sample Size Mean P Value 
10 0.489878127 
50 0.518729853 
100 0.530695582 
200 0.574175453 
250 0.581331692 
300 0.605416944 
350 0.608924363 
500 0.663905818 
750 0.770540042 
  The Dual Model, Best Wheat Locations,  Forager Density 10, Leap Distance 50, 
Minimum Land Value 75 
Sample Size Mean P Value 
10 0.515259915 
50 0.517163632 
100 0.533779427 
200 0.568526713 
250 0.580756935 
300 0.583463983 
350 0.626832263 
500 0.662278227 
750 0.770603318 
  The Dual Model, Best Wheat Locations,  Forager Density 5, Leap Distance 25, Minimum 
Land Value 50 
Sample Size Mean P Value 
10 0.501412554 
50 0.518490403 
100 0.530524146 
200 0.565889765 
250 0.576237647 
300 0.601131363 
350 0.603515655 
500 0.657687382 
750 0.766982696 
 
 
 341 
The Dual Model, Best Wheat Locations,  Forager Density 5, Leap Distance 25, Minimum 
Land Value 75 
Sample Size Mean P Value 
10 0.505405341 
50 0.512559185 
100 0.539673587 
200 0.568315081 
250 0.581917929 
300 0.597583249 
350 0.623820236 
500 0.666918635 
750 0.771509503 
  The Dual Model, Best Wheat Locations,  Forager Density 5, Leap Distance 50, Minimum 
Land Value 50 
Sample Size Mean P Value 
10 0.495988103 
50 0.491057095 
100 0.527002254 
200 0.574245263 
250 0.566850313 
300 0.591961181 
350 0.619671587 
500 0.674402443 
750 0.77295168 
  The Dual Model, Best Wheat Locations,  Forager Density 5, Leap Distance 50, Minimum 
Land Value 75 
Sample Size Mean P Value 
10 0.501897141 
50 0.514766759 
100 0.554222628 
200 0.572891913 
250 0.571112294 
300 0.614318402 
350 0.60838863 
500 0.657519406 
750 0.769910374 
 
 
 342 
The Dual Model, Best Wheat Locations & Rivers Map, Forager Density 1, Leap Distance 
25, Minimum Land Value 50 
Sample Size Mean P Value 
10 0.492848408 
50 0.522139922 
100 0.530051211 
200 0.563764364 
250 0.571681038 
300 0.596450532 
350 0.61931441 
500 0.660869768 
750 0.768469553 
  The Dual Model, Best Wheat Locations & Rivers Map, Forager Density 1, Leap Distance 
25, Minimum Land Value 75 
Sample Size Mean P Value 
10 0.499024227 
50 0.512064072 
100 0.528740884 
200 0.561927794 
250 0.589633419 
300 0.59981301 
350 0.624315926 
500 0.678503762 
750 0.77468146 
  The Dual Model, Best Wheat Locations & Rivers Map, Forager Density 1, Leap Distance 
50, Minimum Land Value 50 
Sample Size Mean P Value 
10 0.482128993 
50 0.517930977 
100 0.533885746 
200 0.571752385 
250 0.587285367 
300 0.599942871 
350 0.611899267 
500 0.67845592 
750 0.764528877 
 
 
 343 
The Dual Model, Best Wheat Locations & Rivers Map, Forager Density 1, Leap Distance 
50, Minimum Land Value 75 
Sample Size Mean P Value 
10 0.503372741 
50 0.529312771 
100 0.528371076 
200 0.561534252 
250 0.572742424 
300 0.591294421 
350 0.621759649 
500 0.669559679 
750 0.766883431 
  The Dual Model, Best Wheat Locations & Rivers Map, Forager Density 10, Leap 
Distance 25, Minimum Land Value 50 
Sample Size Mean P Value 
10 0.495768411 
50 0.527777065 
100 0.542362815 
200 0.568606816 
250 0.580468794 
300 0.598872319 
350 0.619787191 
500 0.670162579 
750 0.7753387 
  The Dual Model, Best Wheat Locations & Rivers Map, Forager Density 10, Leap 
Distance 25, Minimum Land Value 75 
Sample Size Mean P Value 
10 0.514107178 
50 0.515777521 
100 0.522567909 
200 0.556555234 
250 0.575860131 
300 0.589838522 
350 0.605895413 
500 0.675282271 
750 0.768223743 
 
 
 344 
The Dual Model, Best Wheat Locations & Rivers Map, Forager Density 10, Leap 
Distance 50, Minimum Land Value 25 
Sample Size Mean P Value 
10 0.492959773 
50 0.507671126 
100 0.520935239 
200 0.562039801 
250 0.584620356 
300 0.604433105 
350 0.608177637 
500 0.664053818 
750 0.774961034 
  The Dual Model, Best Wheat Locations & Rivers Map, Forager Density 10, Leap 
Distance 50, Minimum Land Value 50 
Sample Size Mean P Value 
10 0.503383273 
50 0.530801615 
100 0.531621437 
200 0.566310465 
250 0.58074178 
300 0.597131347 
350 0.60652023 
500 0.667445959 
750 0.771705862 
  The Dual Model, Best Wheat Locations & Rivers Map, Forager Density 10, Leap 
Distance 50, Minimum Land Value 75 
Sample Size Mean P Value 
10 0.506479561 
50 0.521514691 
100 0.528716739 
200 0.560981206 
250 0.573861561 
300 0.617221313 
350 0.612982551 
500 0.657429479 
750 0.768729791 
 
 
 345 
The Dual Model, Best Wheat Locations & Rivers Map, Forager Density 5, Leap Distance 
25, Minimum Land Value 50 
Sample Size Mean P Value 
10 0.509657696 
50 0.522076867 
100 0.53567418 
200 0.559387096 
250 0.563179919 
300 0.60108122 
350 0.629081612 
500 0.663078027 
750 0.76834726 
  The Dual Model, Best Wheat Locations & Rivers Map, Forager Density 5, Leap Distance 
25, Minimum Land Value 75 
Sample Size Mean P Value 
10 0.50062239 
50 0.526499578 
100 0.542676519 
200 0.559906227 
250 0.586743049 
300 0.598263694 
350 0.611511311 
500 0.668765007 
750 0.773678081 
  The Dual Model, Slope Map,  Forager Density 1, Leap Distance 25, Minimum Land 
Value 50 
Sample Size Mean P Value 
10 0.495599425 
50 0.517992394 
100 0.537949651 
200 0.563761977 
250 0.578124534 
300 0.592619091 
350 0.610707178 
500 0.664656367 
750 0.761474444 
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The Dual Model, Slope Map,  Forager Density 1, Leap Distance 25, Minimum Land 
Value 75 
Sample Size Mean P Value 
10 0.49202517 
50 0.525362231 
100 0.526217451 
200 0.560090547 
250 0.577935082 
300 0.59995012 
350 0.618047766 
500 0.668604445 
750 0.770196866 
  The Dual Model, Slope Map,  Forager Density 1, Leap Distance 50, Minimum Land 
Value 50 
Sample Size Mean P Value 
10 0.502650152 
50 0.524868023 
100 0.526777594 
200 0.573510135 
250 0.579205193 
300 0.581091264 
350 0.60584739 
500 0.654528554 
750 0.759586072 
  The Dual Model, Slope Map,  Forager Density 1, Leap Distance 50, Minimum Land 
Value 75 
Sample Size Mean P Value 
10 0.500364731 
50 0.5113835 
100 0.541271624 
200 0.558953334 
250 0.581870617 
300 0.589608183 
350 0.596428465 
500 0.671269644 
750 0.774084411 
 347 
The Dual Model, Slope Map,  Forager Density 10, Leap Distance 25, Minimum Land 
Value 50 
Sample Size Mean P Value 
10 0.502605422 
50 0.506062016 
100 0.52602535 
200 0.557217724 
250 0.583267274 
300 0.600130785 
350 0.627144352 
500 0.661570547 
750 0.765608383 
  The Dual Model, Slope Map,  Forager Density 10, Leap Distance 25, Minimum Land 
Value 75 
Sample Size Mean P Value 
10 0.504717644 
50 0.514407987 
100 0.530031849 
200 0.563272703 
250 0.589852403 
300 0.604355418 
350 0.60764916 
500 0.664596695 
750 0.767903371 
  The Dual Model, Slope Map,  Forager Density 10, Leap Distance 50, Minimum Land 
Value 50 
Sample Size Mean P Value 
10 0.521860116 
50 0.51842998 
100 0.5311185 
200 0.557510257 
250 0.600857207 
300 0.597343395 
350 0.605991242 
500 0.67159963 
750 0.774294928 
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The Dual Model, Slope Map,  Forager Density 10, Leap Distance 50, Minimum Land 
Value 75 
Sample Size Mean P Value 
10 0.496488372 
50 0.498034416 
100 0.537265842 
200 0.559354796 
250 0.577571045 
300 0.592739948 
350 0.624484949 
500 0.670083255 
750 0.767299993 
  The Dual Model, Slope Map,  Forager Density 5, Leap Distance 25, Minimum Land 
Value 50 
Sample Size Mean P Value 
10 0.504745676 
50 0.527757863 
100 0.54075677 
200 0.564859977 
250 0.583700054 
300 0.611809795 
350 0.613805958 
500 0.676499178 
750 0.774284005 
  The Dual Model, Slope Map,  Forager Density 5, Leap Distance 25, Minimum Land 
Value 75 
Sample Size Mean P Value 
10 0.500102326 
50 0.526725092 
100 0.529588466 
200 0.560005315 
250 0.579625994 
300 0.596504713 
350 0.614271384 
500 0.668468194 
750 0.773957016 
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The Dual Model, Slope Map,  Forager Density 5, Leap Distance 50, Minimum Land 
Value 50 
Sample Size Mean P Value 
10 0.510601647 
50 0.514672572 
100 0.5225232 
200 0.569695477 
250 0.574484124 
300 0.599570709 
350 0.615026404 
500 0.664056419 
750 0.76308888 
  The Dual Model, Slope Map,  Forager Density 5, Leap Distance 50, Minimum Land 
Value 75 
Sample Size Mean P Value 
10 0.494931519 
50 0.531549268 
100 0.520759017 
200 0.561404732 
250 0.587584329 
300 0.602554758 
350 0.613472511 
500 0.670896932 
750 0.76933751 
  The Dual Model, Spring Precipitation Map,  Forager Density 1, Leap Distance 25, 
Minimum Land Value 50 
Sample Size Mean P Value 
10 0.479006708 
50 0.512037274 
100 0.520922728 
200 0.560027679 
250 0.571027907 
300 0.595473138 
350 0.602578375 
500 0.656948839 
750 0.774840563 
 
 
 350 
The Dual Model, Spring Precipitation Map,  Forager Density 1, Leap Distance 25, 
Minimum Land Value 75 
Sample Size Mean P Value 
10 0.495866954 
50 0.506896246 
100 0.538709729 
200 0.5633633 
250 0.56739808 
300 0.592018369 
350 0.606194866 
500 0.652241412 
750 0.768433687 
  The Dual Model, Spring Precipitation Map,  Forager Density 1, Leap Distance 50, 
Minimum Land Value 50 
Sample Size Mean P Value 
10 0.507719656 
50 0.52226533 
100 0.537929836 
200 0.571665343 
250 0.575782616 
300 0.605048869 
350 0.595769344 
500 0.6606453 
750 0.7695009 
  The Dual Model, Spring Precipitation Map,  Forager Density 1, Leap Distance 50, 
Minimum Land Value 75 
Sample Size Mean P Value 
10 0.457511739 
50 0.520217071 
100 0.504089768 
200 0.565005414 
250 0.571582185 
300 0.60187185 
350 0.619819998 
500 0.670137913 
750 0.774157733 
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The Dual Model, Spring Precipitation Map,  Forager Density 10, Leap Distance 25, 
Minimum Land Value 50 
Sample Size Mean P Value 
10 0.366474387 
50 0.501848224 
100 0.531040965 
200 0.565675004 
250 0.586651473 
300 0.60388317 
350 0.618988483 
500 0.656546941 
750 0.760671849 
  The Dual Model, Spring Precipitation Map,  Forager Density 10, Leap Distance 25, 
Minimum Land Value 75 
Sample Size Mean P Value 
10 0.34336361 
50 0.291379579 
100 0.459879573 
200 0.559031223 
250 0.559554776 
300 0.581645628 
350 0.613505035 
500 0.656742155 
750 0.763237197 
  The Dual Model, Spring Precipitation Map,  Forager Density 10, Leap Distance 50, 
Minimum Land Value 50 
Sample Size Mean P Value 
10 0.502575429 
50 0.520801176 
100 0.544339679 
200 0.570624938 
250 0.597641278 
300 0.595821085 
350 0.603408428 
500 0.664097412 
750 0.768955426 
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The Dual Model, Spring Precipitation Map,  Forager Density 10, Leap Distance 50, 
Minimum Land Value 75 
Sample Size Mean P Value 
10 0.454453385 
50 0.342686725 
100 0.357835126 
200 0.504281406 
250 0.53739743 
300 0.559069249 
350 0.59885852 
500 0.639994113 
750 0.763833844 
  The Dual Model, Spring Precipitation Map,  Forager Density 5, Leap Distance 25, 
Minimum Land Value 50 
Sample Size Mean P Value 
10 0.375330564 
50 0.496738788 
100 0.529598354 
200 0.562376104 
250 0.56865275 
300 0.588622653 
350 0.61342522 
500 0.679861746 
750 0.764614881 
  The Dual Model, Spring Precipitation Map,  Forager Density 5, Leap Distance 25, 
Minimum Land Value 75 
Sample Size Mean P Value 
10 0.352578196 
50 0.285672915 
100 0.465661138 
200 0.564552687 
250 0.553764443 
300 0.586805035 
350 0.616249102 
500 0.653953432 
750 0.76523576 
 
 
 
 353 
The Dual Model, Spring Precipitation Map,  Forager Density 5, Leap Distance 50, 
Minimum Land Value 50 
Sample Size Mean P Value 
10 0.508237004 
50 0.517155149 
100 0.53394615 
200 0.561523936 
250 0.574293193 
300 0.591005822 
350 0.61341134 
500 0.682373434 
750 0.769467408 
  The Dual Model, Spring Precipitation Map,  Forager Density 5, Leap Distance 50, 
Minimum Land Value 75 
Sample Size Mean P Value 
10 0.463718718 
50 0.332948015 
100 0.363984485 
200 0.496437297 
250 0.546700636 
300 0.57411284 
350 0.580594897 
500 0.654502544 
750 0.759759539 
 
 
